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In this dissertation, the growth and characterization of nickel oxide (NiO) for various 
novel device applications are investigated. In the aspect of growth, many methods of both 
solution-based and physical deposition were employed to optimize and improve both thin 
film and nanostructure growth. Importantly, for the thin film growth, chemical bath 
deposition (CBD) with various post-deposition annealing temperatures was used to grow 
porous thin films with different composition and degree of crystallinity; while sputtering 
with substrate heating was used to deposit thin films with excellent quality and 
uniformity. For the nanostructure growth, the Kirkendall effect was examined in detail 
and this was shown to be especially critical in growing NiO nanostructures. The 
roughening effect on oxidation to form NiO nanowires was explained together, with the 
interplay of vacancy diffusion rate and the dimensional sizes. In understanding the 
limitations, the growth of NiO nanotubes with suitably uniform tube walls by oxidation 
of nickel nanowires was demonstrated for the first time. The applications of NiO thin 
films and nanostructures were then investigated for resistive switching memory and 
electrochromic devices. For the NiO resistive switching memory, a filamentary switching 
mechanism was demonstrated. It was found that the electrode material and the polarity of 
the voltage bias played important roles in altering the filament formation process, thus 
affecting the resistive switching behavior of the memory device. It was believed that an 
electrochemically inert metal anode was essential for repeatable resistive switching of 
NiO, because it limited the formation of a strong metal filament which could result in 
permanent breakdown of the memory device. For applications in the electrochromic 
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devices, the detailed coloration and degradation mechanisms of NiO were elucidated for 
the first time. It was found that the initial hydration of the NiO films towards nickel 
hydroxide proceeded gradually through a combination of coloration from hydroxyl ions 
and bleaching through protons, and this process increased the optical modulation of the 
deposited film. However, enhanced hydroxyl ion incorporation during coloration will 
lead to water intercalation. Degradation occurs when the extensive intercalated networks 
of water molecules isolated colored nickel oxy-hydroxide grains which resulted in 
irreversible coloration of the device. It was also demonstrated that the degradation can be 
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Chapter 1 Introduction 
1.1 Background and Motivation 
Nickel Oxide (NiO), a semiconducting metal oxide, is an important material for use in 
device applications such as gas sensors, dye sensitized photocathodes and electrodes in 
alkaline batteries. In addition, two exciting novel applications based on NiO have been 
developed recently. One is an electronic application as a resistive switching (RS) memory 
and the other is an energy-saving application as an electrochromic (EC) smart window. 
The RS phenomenon in binary transition metal oxides has received considerable attention 
because of the potential application in non-volatile memory devices that combine rapid 
read and write speeds, high storage density and non-volatility [1]. NiO is a promising 
material in this area due to its high ON/OFF resistance ratio and CMOS compatibility. 
The EC property of the NiO is also important for enabling technologies such as smart 
windows and non-volatile displays. The stability of the open-circuit memory effect can 
translate to possible energy savings in integrated windows application for enabling indoor 
comfort [2]. NiO is often preferred because it is the only low cost and highly efficient 
anodic EC material [3]. However, the exact mechanisms behind both the RS and EC 
phenomena have not been fully understood and the device performance still need to be 
further improved. 
Although thin film devices can be easily fabricated and demonstrate stable functionality 
in both RS and EC devices, the merits of using nanostructured devices should not be 
overlooked. For the RS memory application, nanostructures have the potential of 
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achieving extremely high-density addressable architectures. With respect to the 
filamentary switching mechanism, the use of nanostructures may also improve the device 
switching speed and stability and result in less energy consumption by constraining the 
conductive filament formation. An enhancement of the RS properties in nanowire based 
resistive memory device has already been demonstrated by a collaborated work using 
other material than NiO [4]. For the application in EC smart windows, the large surface 
area to volume ratio of nanostructures allows fast and efficient diffusion of ions which 
may enhance the efficiency of EC reactions. The enhanced reaction rate can largely 
reduce the response time and support a thicker EC active layer which may also improve 
the optical modulation of the smart window. 
1.2 Objectives 
In this work, the aim is to fabricate RS and EC devices based on NiO thin film grown by 
various growth methods. The deposition conditions, such as annealing temperature, will 
be varied in order to modify the properties of the deposited film, including composition 
and crystallinity. Sputtered NiO film is mainly used for RS application due to its uniform 
coverage and controllable thickness, while the chemical bath deposited film is mainly 
used for EC application due to its porous structure with large surface area to volume ratio 
for efficient EC reactions. Through the characterization of the functional device 
structures, we aim to identify the fundamental RS and EC mechanisms and then attempt 




In the next stage, we attempt to grow and characterize NiO nanostructures through the 
oxidation of nickel (Ni) nanowires. Ni nanowires are fabricated using a template-assisted 
method by electrodepositing Ni into an anodic aluminum oxide (AAO) template. The 
fabrication process has the potential of fabricating a self-assembled nanostructure device. 
With the understanding and experiences obtained from the fabrication and 
characterization of the thin film based devices, we attempt to fabricate RS and EC 
devices using NiO nanostructures with the hope of improving the RS and EC 
performance with their unique structural properties. 
1.3 Organization of Thesis 
The contents of this thesis are organized into seven chapters describing the studies on 
fabrication and characterization of NiO based RS and EC devices. Following the present 
introductory chapter (Chapter 1), Chapter 2 gives a detailed literature review on the 
current development of the RS and EC applications of NiO including both the fabrication 
processes as well as the device performance. The experimental details for the setups and 
processes used in this work are described in Chapter 3. There are three chapters that 
discuss the experimental findings. Chapters 4 and 5 present the results and discussion on 
the fabrication, characterization and optimization of the RS and EC thin film based 
devices respectively. Chapter 6 extends the investigation to nanostructure based device 
by giving a detailed description of the NiO nanostructure growth, device fabrication as 
well as the performance of the nanostructured devices in the above areas of interest. 
Lastly, Chapter 7 summarizes the accomplishments of this work and the thesis is 
concluded by suggesting a number of recommendations for future work. 
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Chapter 2 Literature Review 
2.1 Growth of NiO Thin Film  
2.1.1 Physical deposition of NiO thin film 
Physical deposition of the NiO thin film can be achieved by sputtering [3], pulsed laser 
deposition [5], evaporation [6], atomic layer deposition [7] and oxidation of metallic Ni 
[8]. In this work, the sputtering method is preferred because of its low deposition cost, 
low fabrication temperature and industrial availability. The film deposited by sputtering 
also has a conformal coverage and a better adhesion to the substrate. Sputter deposition is 
a physical vapor deposition method in which materials from a target, which are ejected 
by the bombardment of energetic particles, are deposited on the sample substrate. For 
insulating targets such as NiO, positive charge will build up on the negatively biased 
target due to bombardment by energetic positive ions. This means that extremely high 
voltage is required to sputter off materials from the insulating target. To avoid charge 
build up, radio frequency (RF) sputtering, which utilizes an alternating potential instead 
of a direct current (DC) potential, is used. The film deposited at room temperature shows 
an almost amorphous phase with defects due to the insufficient diffusion and 
redistribution of adatoms. The quality and crystallinity of the deposited NiO film can be 
improved with increasing growth temperature [9].   
The sputter gas is usually an inert gas, typically argon. In certain cases, reactive 
sputtering can be used in which a reactive gas such as oxygen is introduced to deposit the 
oxide film by chemical reaction with the metallic target. The composition of the film can 
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be controlled by changing the relative pressures of the inert and reactive gases. DC and 
RF reactive sputtering from a metallic Ni target can produce films with good 
electrochromic and resistive switching properties [3, 10]. However, magnetism of the Ni 
target poses technical problems and it is more advantageous to deposit NiO films from 
non-magnetic targets. In this work, we will use the RF sputtering technique with a NiO 
target instead of reactive sputtering with a Ni target. Different substrate heating 
temperatures are used to modify the film structure for optimizing the device performance. 
Additionally, NiO thin films fabricated by thermal oxidation of evaporated Ni film are 
also characterized for comparison with the sputtered films.   
 
2.1.2 Solution growth of NiO thin film 
Solution-based NiO thin film growth methods include electrodeposition [11], sol-gel 
process [12] and chemical bath deposition (CBD) [13]. The CBD method is preferred due 
to its low cost, low fabrication temperature and also the convenience for large-scale 
deposition (i.e. scalability). The porous nature of the CBD thin film is particularly 
suitable for EC application due to the enhanced electrochemical reaction rate for a porous 
film. The CBD method for NiO deposition, using nickel sulfate, potassium persulfate and 
aqueous ammonia, was proposed by Pramanik and Bhattacharya [14]. The as-deposited 
film appears brown in color and becomes transparent after annealing. It is believed that, 
in addition to nickel hydroxide (Ni(OH)2), a small amount of nickel oxy-hydroxide 
(NiOOH) is produced, which is then decomposed by annealing. This is confirmed by the 
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X-ray diffraction (XRD) characterization which shows the existence of NiOOH in the as-
deposited films, but not in the annealed samples, and the annealed films contain only 
polycrystalline NiO [13]. However, the exact mechanism of oxide formation using 
persulfate is unclear. It has been shown that neither the replacement of aqueous ammonia 
with potassium hydroxide or sodium hydroxide nor the absence of potassium persulfate 
will produce a Ni(OH)2 film on the substrate [14, 15]. One possible mechanism, indicated 
by reactions (2.1.1) and (2.1.2), is the homogeneous nucleation and precipitation of 
Ni(OH)2 nanoparticles followed by a molecular level heterogeneous oxidation reaction 
with the persulfate [15]. 
Ni2+ + 2OH- → Ni(OH)2     (2.1.1) 
2Ni(OH)2 + S2O82- → 2NiOOH + 2SO42- + 2H+   (2.1.2) 
After an initial linear growth regime lasting about a few minutes, a depletion regime is 
encountered in which the growth rate drops rapidly to near zero and the final thickness of 
the film is attained. As the stirring rate of the deposition solution increases, the duration 
of the linear growth regime is shortened and the final film thickness is reduced. This can 
be understood by the decrease in the entrapment of the nanoparticles as the stirring rate 
increases. The study of the effect of annealing on as-deposited films by thermogravimetry 
shows a dehydration process of the adsorbed water at 200 °C and a decomposition 
process to NiO at around 300 °C [13, 15]. Higher annealing temperature leads to greater 




2.2 Growth of NiO Nanostructures by Thermal Oxidation 
2.2.1 Fabrication of Ni nanowires 
Nanowire structures can be fabricated by chemical vapor deposition [16, 17], template-
assisted sol-gel [18] and electrochemical [19, 20] synthesis, and many other methods. 
Among these methods, electrodeposition of metal into an anodic aluminum oxide (AAO) 
template offers good uniformity and easy control over the diameter and length of the 
nanowires deposited, which follow exactly the shape of the pores of the template. The 
AAO template is a porous membrane with a regular columnar pore structure which is 
vertical to the substrate surface and parallel to each other. The diameter and length of the 
pores can be separately tuned to achieve an aspect ratio (ratio of pore depth to pore 
diameter) of between 10 and 1000. The pore diameter mainly depends on the composition 
of the electrolyte and anodization voltage; while the pore depth is controlled by the 
anodization duration.  
The AAO templates are fabricated via the simultaneous oxidation of an aluminum (Al) 
anode and the dissolution of the aluminum oxide (Al2O3) formed in an acidic electrolyte 
[21]. During the anodization process, a constant voltage is applied between an Al foil 
anode and an inert cathode. The electric field drives negatively charged hydroxyl ions 
(OH-) to the anode which generates oxygen ions (O2-) according to reaction (2.2.1).  
4OH- → 2H2O + 2O2-      (2.2.1) 
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The oxygen ions subsequently react with aluminum to form a layer of Al2O3 as shown in 
reaction (2.2.2).  
2Al3+ + 3O2- → Al2O3     (2.2.2) 
While Al2O3 continuously grows at the oxide-metal interface through the reaction among 
OH-, O2- and Al3+, the dissolution of the oxide at the electrolyte-oxide interface results in 
thinning of the oxide layer. 
In an acidic electrolyte, when the rate of oxidation is equal to that of dissolution, the 
anodization process continues without a net change in the thickness of the oxide layer. 
Defects such as impurities, dislocations as well as the rough surface of the Al foil will 
alter the electric field leading to the growth of pits. Although a pit can grow in both 
vertical and horizontal directions resulting in a pore with continuously increasing 
diameter and length, the horizontal growth will be confined when the wall of two 
adjacent pores are merged. The lack of Al source as well as the horizontal repulsive 
electric field will prevent further widening of the pores. When the self-adjustment of the 
inter-pore distance takes place across the entire anodized area, a hexagonal pattern can be 
achieved. It has been reported that the inter-pore distance increases with the anodization 
voltage. In addition, the use of sulfuric acid, oxalic acid and phosphoric acid as the 
anodization electrolyte will produce AAO membrane with increasing pore diameters (in 
the order shown for the acidic electrolyte) [22]. 
Since the pores are originated from the defects located randomly on the Al surface, the 
formation of regular pores takes a long time and one is typically left with a layer of 
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irregular porous structure at the top of the AAO membrane for a single-step anodization 
process. A two-step anodization process [23] can ensure a more regular pore formation at 
the beginning of the anodization and throughout the growth of the membrane. This is 
because when the alumina layer is removed after the first anodization, an ordered 
concave structure of dimples is left on the Al surface. This artificially created regular 
structure serves as the nucleation sites for pore growth during the second anodization step. 
As a result a membrane with much regular pore arrangement will be formed in the second 
anodization.  
After the fabrication of the AAO membrane, the barrier layer can be removed by a pore 
widening process to obtain a through-pore template for direct current (DC) 
electrodeposition process. A metal layer (e.g. gold), served as a working electrode for the 
subsequent metal electrodeposition, is then deposited on the back of the AAO membrane. 
The electrodeposition of Ni can be carried out in a Ni salt solution. Ni(OH)2 precipitates 
on the electrode surface at higher potentials because of the high interfacial pH caused by 
hydrogen evolution. The addition of boric acid to the electrolyte solution can prevent the 
passivation of the electrode by Ni(OH)2, thereby enabling the continuous reduction of Ni 
at the working electrode [24]. It has been reported that the crystallinity of the deposited 
Ni nanowires increases with increasing deposition current density [20].  
The AAO template can be easily removed by dissolving in sodium hydroxide solution 
leaving only Ni nanowires standing on the substrate for further dispersion and oxidation. 
The fabrication of the AAO template on a transparent conductive substrate, such as ITO-
10 
 
on-glass substrate, enables direct growth of a vertically-aligned NiO nanostructure array 
which has good potential for electrochromic application [19]. 
 
2.2.2 Oxidation of Ni nanowires by the Kirkendall effect 
 
Figure 2-1 The ion diffusion process in the growth of hollow nanostructure by the 
Kirkendall effect 
The oxidation of Ni nanowires or nanoparticles will produce hollow nanostructures due 
to the Kirkendall effect. The Kirkendall effect, first reported by Smigelskas and 
Kirkendall in 1947 [25], originally describes the movement of an interface through inter-
diffusion of different species at an elevated temperature, with hollow structures forming 
as a result of different atomic diffusion rates. In the context of metal oxidation, the 
Kirkendall effect describes the nonequilibrium diffusion of the metal and oxygen ions 
through the oxide layer. The ion diffusion process in the growth of metal oxide hollow 
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nanostructures is illustrated in Fig. 2-1. The faster out-diffusion of the metal ions through 
the initial surface oxide (shown in Fig. 2-1(a)) will generate vacancies (shown in Fig. 2-
1(b)) that are forced to interact and accumulate within the confinement of the 
nanostructure. The vacancy accumulation will reach a supersaturation condition, thereby 
forming voids (shown in Fig. 2-1(c)) and giving rise to the final hollow nanoparticle and 
nanotube observed in Fig. 2-1(d) [26]. Various hollow metal oxide nanostructures, 
including those of Fe3O4, ZnO, Al2O3 and Cu2O, have been successfully synthesized 
using this mechanism [27-31]. 
However, unlike other metal oxides such as Fe3O4, Cu2O and Al2O3, the oxidation of Ni 
nanoparticles and nanowires appears to be tricky and unique. For example, it is observed 
from the oxidation of Ni nanoparticles that the void formation occurs at an off-centered 
position [32]. Recently, oxidation of Ni nanowires also yields bamboo-like structures 
with separated voids and irregular diameters as opposed to the formation of smooth Cu2O 
and Fe3O4 nanotubes with uniformly thick walls [33]. While it is accepted that the 
Kirkendall effect is the dominant mechanism, the exact reason for the differences in the 
oxidation of Ni is not clear. Understanding the oxidation behavior of Ni nanowires is 
therefore an important step towards achieving NiO nanowires or nanotubes that have 
uniform diameters and/or wall thickness. This is an important issue for nanotechnology 
as minimization of device-to-device variations and reproducibility of device parameters 
will be crucial in a manufacturing environment. For applications such as RS memory 
devices or nanofluidics, variation in the nanotube wall thickness can lead to differences in 
key switching parameters or laminar flow rate that will significantly alter the device 
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performance. In elucidating the exact mechanism responsible for the roughening process 
in NiO nanotube formation, the work reported later in this dissertation will be of 
importance in the understanding of factors that influence the Kirkendall effect in general. 
 
 
2.3 Application of NiO in Resistive Switching Memory 
Memory concepts that have been recently pursued range from spin-based 
magnetoresistive random access memory (MRAM) to phase change random access 
memory (PCRAM), for which the magnetic field and thermal process are involved in 
resistance switching respectively. Yet another class of resistive switching phenomena is 
based on the electrically stimulated change in resistance for metal-insulator-metal (MIM) 
memory cells, usually called resistive random access memory (RRAM) [1]. 
Table 2-1 Summary of performance parameters for current Flash memory and RRAM as 
well as the requirements for emerging RRAM based on ITRS 2011. 
Parameters Flash Memory RRAM Requirement 
Write Voltage 10 V 0.7 ~ 4.5 V < 5 V 
Write Speed ~1 μs 0.3 ~ 50 ns Application Dependent 
Endurance 104 ~ 105 102 ~ 1012 > 105 
Retention ~108 s (10 years) 103 ~ 108 s > 108 s 
ON/OFF ratio >10 103 ~ 107 > 10 
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The existing materials and technologies used in the present microelectronic industry are 
approaching their physical limits due to the continuous decrease in device size. However, 
with the simple heterojunction structure and the demonstrated filamentary switching 
mechanism [34], the RRAM device can be made extremely small (i.e. possibility of 
achieving a one-dimensional (1D) nanowire device) without losing its switching property. 
The crossbar nanowire structure makes addressable high-density architectures which are 
required by many useful applications [35]. However, a few performance requirements 
such as long endurance and data retention need to be satisfied in order for RRAM to 
compete with current Flash memory as described in the international technology roadmap 
for semiconductors (ITRS) shown in Table 2-1. In addition, the large variation of the 
switching parameters commonly observed in transition metal oxide based RRAM also 
need to be improved [9]. Recently, a bi-layered structure in which iridium oxide is used 
as the interfacial layer has been proposed to stabilize the switching parameters by 
controlling the local oxygen migration [36]. The switching current (RESET current) for a 
two-dimensional (2D) thin film device, and therefore the write energy, is relatively high 
due to the possible formation of multi-filaments [37]. It is expected that extreme 
downsizing of the top electrode dimensions brings about a reduction in the number of 
filaments and thus a decrease in the write energy. Since the switching is confined within a 
smaller dimension in the 1D device, the consistency of the switching parameters could 
also be improved. Such a promising application of the RS phenomenon as a new circuit 
element, that of the memristor or memory resistor [38], has triggered a huge increase in 




2.3.1 Resistive switching phenomena  
Resistive switching (RS) is denoted as unipolar switching when the switching process 
does not depend on the polarity of the voltage and current signal. A device in its high-
resistance state or OFF state is switched on by a threshold SET voltage into its low-
resistance state or ON state as represented by the current-voltage (I-V) curve with circle 
symbols in Fig. 2-2(a). The current is limited by the compliance current of the control 
circuit in order to prevent permanent breakdown of the dielectric film. The RESET into 
the OFF state takes place at a higher current (RESET current) and a threshold RESET 
voltage that is below the SET voltage as represented by the I-V curve with square 
symbols in Fig. 2-2(a). In order to prevent the device from being SET again during the 
RESET process, a proper sweeping voltage should be chosen in between the two 
threshold voltages. Ideally, both the OFF state and ON state are stable after the removal 
of the external voltage bias. 
In contrast, RS is denoted as bipolar switching when the SET to the ON state occurs at 
one voltage polarity while the RESET to the OFF state occurs at the reversed voltage 
polarity. A typical I-V characteristic for a bipolar resistive switching device is shown in 
Fig. 2-2(b). At a certain negative bias (the SET voltage), corresponding to point “1” in 
Fig. 2-2(b), the device is switched into its ON state. The sharp increase in the current is 
limited by the compliance current at point “2”. During the back sweep, from point “3” to 
point “4”, the linear I-V curve with much larger gradient is the characteristic of the 
device in the ON state. At a certain positive voltage bias (the RESET voltage), 
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corresponding to point “4”, the device is switched off to its OFF state and remains in the 
OFF state from point “5” onwards.  
 
Figure 2-2 (a) Typical current-voltage characteristics of (a) the unipolar resistive 
switching and (b) the bipolar resistive switching. 
Another type of switching phenomenon, which is called threshold switching, has also 
been reported [39]. In threshold switching, the device only has one stable resistance state 
(commonly the OFF state) when the voltage bias is removed. The ON state can only be 
maintained in the presence of a voltage bias. The device is considered unstable and 
cannot be used in non-volatile memory application.  
Besides having only ON and OFF states, multiple resistance states have also been 
observed in some RS materials including NiO [37, 40] and TiO2 [41]. Multiple resistance 
states can be obtained by carefully controlling the external bias. The phenomenon has 
been explained by the formation of multiple filaments and the nature of the percolation 
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process, and has been successfully simulated using a random circuit breaker network 
model [41]. 
 
2.3.2 Resistive switching materials and mechanism 
In general, the “M” layer in the MIM structure can be obtained from a large variety of 
metal electrode materials including electron-conducting non-metals. The “I” layer can be 
one of a wide range of metal oxides and metal chalcogenides as well as organic 
compounds. Different materials may possess one or both of the RS phenomena 
(mentioned in Section 2.3.1) depending on their switching mechanisms. Since this work 
investigates the application of NiO in RS memory device, the review in this section will 
be mainly focused on the switching mechanism of various metal oxides. There have been 
numerous investigations on the RS mechanisms of the metal oxides. However, there is 
still much debate on the switching mechanism because the physical evidences of the 
switching phenomenon lies under the metal electrode contacts and are therefore difficult 
to be located and analyzed. Nonetheless, the understanding of the switching mechanism 
is critical in optimizing the various switching properties of the actual memory devices. 
The switching mechanisms can be classified based on whether thermal effect is involved. 
Thermal effect does not require a specific voltage polarity and is mainly observed in the 
unipolar resistive switching [42]. On the other hand, non-thermal processes such as redox 
chemical reactions involve ion transport and depend on the voltage polarity. Therefore, 
non-thermal effects are typically the dominant mechanism in bipolar resistive switching. 
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Some metal oxides demonstrate both unipolar and bipolar switching, such as TiO2 [43, 
44], NiO [45], HfO2 [46] and SrTiOx [47]. The transition from bipolar to unipolar 
switching can be effected by using a larger compliance current which enables the thermal 
effect to suppress the other effects [43-45, 47]. 
Based on the location of the actual changes taking place in the film during RS, the 
switching mechanism can be classified as either “filamentary” or “interfacial”. The 
interfacial switching mechanism is based on the change in the interfacial resistance 
between the metal electrode and the semiconducting metal oxide, and is typically due to 
the alteration of the Schottky barrier. A number of models have been proposed for the 
interfacial switching mechanism, such as electrochemical migration of oxygen vacancies 
[48, 49], trapping of charge carriers (holes or electrons) [50, 51] and a Mott transition 
induced by carriers doped at the interface [52, 53]. However, the interfacial mechanism 
has rarely been reported recently, ever since the direct visualization of a localized 
conductive filament formed between the two metal electrodes within TiO2 in 2010 [54], 
as well as the observation of the electrode size independency of the ON state resistance in 
many other works [34, 55]. The filamentary mechanism is also called the thermo-
chemical RS mechanism, which is related to the formation and rupture of a local 




2.3.2.1 Filament formation process 
The conductive filament is established by two different but related processes, namely the 
electroforming process and SET process. The electroforming process involves the initial 
formation of the filament in the pristine film which has no significant defect density and 
is too insulating to induce reliable thermo-chemical RS; while the SET process 
reconnects the ruptured filament which has been disconnected by the previous RESET 
process. The electroforming process generates enough defects inside the oxide layer by 
electromigration of ions and the defects such as vacancies are percolated into a nano-size 
conductive filament. The electroforming process may involve the migration of a large 
amount of ions and defects, but once a small number of them connect between the two 
electrodes, the rest of the filament stop developing due to the lack of electric field which 
is limited by the compliance current. The SET process is believed to be similar to the 
electroforming process but only occurs at localized positions along the conductive 
filament. Although the interfacial RS mechanism is less favored compared with the 
localized RS phenomenon, the interfacial valence change or electronic resistive switching 
involved can still occur at the location where the filament is ruptured or connected with 
the electrode. Therefore, a detailed understanding of the nature and the formation of the 
conductive filament is essential for the understanding of the RS mechanism.  
By using in-situ high resolution transmission electron microscopy (HRTEM), Kwon et al. 
successfully identify the conical conductive filament within the TiO2 layer as Ti4O7, the 
magneli phase of TiO2 [54]. The conductivity of TiO2-x increases with the increasing 
value of x [57-59], and when x reaches a certain value, a phase change from oxygen-
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deficient TiO2 to the vacancy ordered Magneli phase becomes possible [54, 60-62]. The 
filament is grown from the cathode to the anode with the thinner portion near the anode. 
The active region, where the rupture and re-growth of the filament takes place, is also 
near the anode. The filament is believed to be formed by the movement of oxygen 
vacancies. The migration of the oxygen vacancies can be described by two mechanisms, 
namely drift by electric field and diffusion by the gradient of electrochemical potentials. 
By carrying out oxygen ion mapping, the cross-sections of the TiO2 MIM structure in its 
ON and OFF states show significantly different concentration profiles of oxygen which 
further confirm the migration of oxygen ions during the switching [63].  
The electroforming process is actually a complicated phenomenon involving many 
distinct events including localized Joule heating, migration of ions and redox reaction. 
These events are closely related and may occur sequentially or simultaneously, which 
makes the investigation of their separate contributions difficult.  For the migration of ions 
or defects, a supply of defects is required and the device structure should have the ability 
to conserve the generated defects in order to form the filament. The supply of defects can 
be achieved through the redox reaction at the electrode interface, such as the generation 
of oxygen vacancies at the anode by the formation of oxygen gas. Gas evolution has been 
observed at the anode in a Pt/TiO2/Pt structure which supports the above mentioned 
redox reaction [64-66]. In addition, both redox reaction and ion migration can be 




NiO has a cubic sodium chloride (NaCl) structure and it is not possible to make 
stoichiometric NiO crystals since they always exhibit an excess of oxygen. The extra 
oxygen cannot be placed inside the NaCl structure. Instead, Ni vacancies are created thus 
giving NiO a p-type semiconductor character [67, 68]. Due to the presence of metal 
vacancies instead of oxygen vacancies in NiO, the switching mechanism of the n-type 
TiO2 mentioned above is not entirely applicable to NiO because metal ions can also be 
the migrating species. In addition, if oxygen ions are lost due to the redox reaction at the 
anode interface, Ni interstitials may also be formed and these can participate in the 
filament formation process. The initial metal deficient condition is found to significantly 
affect the switching behavior of the NiO film [34]. NiO has no stable suboxide phase 
such as the Magneli phase, and it is likely that the filament is made of a metallic Ni chain. 
The presence of a metallic Ni filament near the grain boundary has been reported 
previously [10, 69, 70]. However, due to the inconsistent reports on the location where 
RS occurs in the NiO film (anode interface RS [71] and cathode interface RS [72]), the 
filament formation mechanism and defects involved are still unclear.  
 
2.3.2.2 Filament rupture process 
Although the SET and RESET processes in bipolar RS can be explained by the backward 
and forward movement of ions or defects at the interface between the oxide and electrode 
upon changing the polarity of the voltage bias, it is not applicable to the unipolar RS 
where SET and RESET processes occur at the same voltage polarity. In addition, the ion 
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migration driven by electric field hardly occurs during the RESET process due to the high 
electrical conductivity. Therefore, thermal dissolution of the filament might be the 
possible mechanism for the RESET process.  
During the RESET process, the filament is believed to be ruptured by the redistribution 
or re-oxidation of the ions under Joule heating caused by high current density which is 
reached at the moment of RESET [55, 73-76]. In the TiO2 based RS device, the rupture 
of the filament may result from a phase change from the Magneli phase to TiO2 [77]. 
Russo et al. proposed a model to explain the thermal dissolution of the filament in NiO 
material [78]. During the RESET process, the filament is believed to be laterally 
dissolved due to an enhanced electrical field. As the temperature increases due to the 
Joule heating effect, a high lateral dissolution zone of the filament develops in the middle 
portion of the filament. A self-accelerating process locally enhances the electric field and 
the current density which increases the temperature and in turn enhances the speed of 
dissolution until filament rupture occurs. 
 
2.3.2.3 Electrode material dependency 
As mentioned previously, the MIM device structure has to be able to generate and 
conserve the defects used in the formation of the conductive filament. The dependence of 
the RS behavior on the electrode materials is thus important for the understanding of the 
switching mechanism. Most of the studies on electrode material dependency have been 
focused on the TiO2 based RS device [79, 80]. It is found that the electrode material as 
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well as its interface with the oxide should not be highly blocking nor highly conducting 
for oxygen ions. An appropriate degree of blocking against oxygen ion is required for 
repeatable RS. If the electrode is highly blocking, oxygen ions will accumulate at the 
interface and this causes serious structural defects such as voids and electrode 
deformation. However, if the electrode is highly conducting, the diffusion in and out of 
the oxygen ions will prevent the accumulation of oxygen vacancies and thus the 
percolation of the conductive filament. The transparency of the Pt to oxygen ions is 
between highly blocking and non-blocking which makes it suitable for use as the metal 
electrode in TiO2 based RS devices [81]. The relative lower diffusion rate of oxygen ions 
in Pt than in TiO2 causes the accumulation of oxygen ions at the interface to a certain 
extent [82], which may be suitable for filament formation.  
For p-type NiO, the RS phenomenon cannot be observed when metal electrodes with low 
work function such as Al and Ti are used [83]. It is believed that low work function metal 
will form a significantly large Schottky barrier which causes permanent breakdown of the 
oxide film during the SET process. The large Schottky barrier may also suppress the 
carrier injection and the accompanying Joule heating effect which are essential to the 
thermo-chemical formation of the conductive filament. On the other hand, an ohmic 
contact between the electrode and the oxide causes a uniform flow of current over the 
entire electrode area which impedes the filament formation [54]. Pt forms a quasi-ohmic 
contact with NiO and is therefore able to induce repeatable RS. However, further 




2.4 Application of NiO in Electrochromic Smart Windows 
Electrochromism is the phenomenon displayed by some materials that can change their 
optical properties reversibly when an electrical voltage is applied [3]. The optical 
properties of electrochromic (EC) materials that can be varied include color, transparency, 
reflectance, transmittance and absorbance. Hence, these properties can be used to control 
the amount of light and heat passing through the material. EC materials are important for 
enabling technologies such as smart windows or non-volatile displays [2, 3, 84]. 
However, the application of EC materials in displays could not compete with the fast 
rising liquid-crystal technology at that time. Nonetheless, by careful selection of EC 
materials and appropriate structural design, smart window made of such materials can 
allow visible light to pass through while keeping the heat outside the room by reflecting 
back the infrared (IR) light as well as absorbing the ultraviolet (UV) light at the same 
time. This can greatly reduce the energy used for the cooling work required if the room is 
air-conditioned. The stability of the open-circuit memory effect in EC materials (i.e. they 
retain their optical state when the voltage bias that triggered the change is removed) can 
also translate to possible energy savings in windows application. This is because the 
energy supply is not always required but only during the change of the color state. The 
ability to be halted at any intermediate transparency also promotes indoor comfort for 
occupants of the room, and people can adjust the smart windows to any level that suits 
their needs. Furthermore, because of the low operating voltage and power consumption, 
energy usage can become self-sufficient if one can incorporate certain photovoltaic 
materials inside the smart window [85]. Not only can the EC smart window be used in 
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buildings, but also for things such as ski goggles or visors for motorcycle helmets. Given 
all these potentials of EC smart windows, it is not surprising that they are experiencing a 
remarkable market pull. 
 
2.4.1 Electrochromic materials and device structure 
Most inorganic EC materials discovered so far are oxides of metals such as W, Mo, Ir, Ti, 
V, Ni and Nb. These can be further classified into two groups, cathodic and anodic EC 
materials, based on their color changing mechanism. Cathodic EC materials change to the 
colored state by charge insertion while anodic EC materials change to the colored state by 
charge extraction [85]. In typical complementary inorganic EC devices which will be 
introduced later in this section, both cathodic and anodic EC materials are required. 
Tungsten oxide represents a popular cathodic EC material while nickel oxide (NiO) is a 
commonly employed anodic EC material in these complementary devices [86, 87]. NiO 
is often preferred because of its demonstrated good cyclic reversibility, low material cost 
and high coloration efficiency [3, 13]. The coloration efficiency is an important 
parameter to qualify the performance of an electrochromic device and is defined as the 
change of optical density over the charge density.  
In a standard five-layer prototype device for smart windows that allows basic EC 
operation as shown in Fig. 2-3, the substrate is made of glass coated with a transparent 
conductor such as indium tin oxide (ITO). The central layer is a transparent ion conductor 
which acts as an electrolyte. The ion conductor can be organic (adhesive polymer) or 
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inorganic (metal oxide) material which allows the transportation of small ions such as 
protons (H+) or lithium ions. The EC active layer as well as an ion storage layer is in 
contact with the ion conductor on each side to form a closed circuit with an external bias 
for the EC reaction. Ideally, the ion storage layer can be replaced with a complementary 
EC layer (i.e. a cathodic EC layer is complement to an anodic EC layer and vice versa) 
which could enhance the EC performance. The study of NiO and its EC properties is 
therefore very important as it is the only anodic EC material which can be fabricated at 
relatively low cost. Solid-state smart window based on tungsten and nickel oxide has 
already been realized by other groups [3, 86-88]. The highest optical modulation and 
coloration efficiency achieved are 56% and 87 cm2C-1 respectively. 
 




2.4.2 Electrochromic mechanism of NiO 
Unlike the coloration mechanism of tungsten oxide, a clear understanding of the EC 
mechanism of NiO in aqueous electrolyte is still lacking. Part of the reason is the 
complication due to the existence of different phases for both the bleached and colored 
states. The bleached nickel hydroxide (Ni(OH)2) exists in two different phases, α and β. 
The β phase has a layered structure consisting of a hexagonal planar arrangement of Ni2+ 
ions with an octahedral coordination of oxygen ions lying above and below. The α phase 
has a stacking of Ni(OH)2 layer with a much larger interlayer spacing with intercalated 
water. These two phases of bleached nickel hydroxide can be oxidized into the colored γ 
and β nickel oxy-hydroxides (NiOOH) respectively. In short, it is now understood that 
these phases simply represent layered octahedron NiO with intercalated water molecules 
or hydroxyl ions. The difference lies in the distance of the interlayer separation due to the 
amount of intercalated water [3, 89]. In addition, NiO which is in its bleached state can 
also change to the colored state upon oxidation to an oxide with higher oxidation states. 
There is much debate on the ions involved in the electrochemical reaction, that is protons 
(H+) or hydroxyl ions (OH-). Although, due to lower mobility, direct OH- ion exchange 
may seem improbable in the β-Ni(OH)2 to β-NiOOH phase transition, it could still 
happen in the α-Ni(OH)2 to γ-NiOOH phase transition with large interlayer separation, 
which establishes the possibility of a dual type of transport in the solid phase. The 
relative importance of both types of transport depends most probably on the interlayer 
distance and intercalated water. Another complication in studying the EC mechanism 
comes from the possibility of multiple reactions in an aqueous electrolyte upon cycling. 
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Available explanations therefore appear to lack clarity and consistency, especially 
between physically deposited films and solution deposited films in the electrochemical 
reaction [6, 90-93]. The proposed mechanisms for electrochromism of both Ni(OH)2 and 
NiO in aqueous electrolytes are summarized below. All of the reactions listed are 
electrochemically reversible with the bleached state appearing on the left hand side. 
Ni(OH)2 + OH- ↔ NiOOH + H2O + e-   (2.4.1) [6, 89] 
Ni(OH)2 ↔ NiOOH + H+ + e-    (2.4.2) [89, 91, 94] 
NiO + OH- ↔ NiOOH + e-     (2.4.3) [6, 95] 
NiO + Ni(OH)2 ↔ Ni2O3 +2H+ +2e-    (2.4.4) [3] 
NiO + H2O ↔ NiOOH + H+ + e-    (2.4.5) [96] 
3NiO + Ni(OH)2 ↔ NiO + Ni3O4 + 2H+ + 2e-  (2.4.6) [90] 
The electrochromic property of nickel hydroxide was first reported by Bode et al. [97] 
and the reaction involving protons with well defined phases was presented as reaction 
(2.4.2). This reaction is verified by using nuclear reaction analysis on sputtered NiO films 
which shows an increase in the hydrogen concentration in the bleached state [91]. 
However, an electrochemical quartz crystal microbalance (EQCM) measurement of 
electron beam evaporated NiO films shows a mass change of 17.66 g/F which points at 
OH- ion injection during coloration as described by reaction (2.4.1) [6]. Furthermore, the 
Bode reaction does not involve NiO and it cannot explain the coloration observed in NiO 
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through changing the nickel valency from 2+ to 3+. Therefore, reactions (2.4.3), (2.4.4) 
and (2.4.6) are proposed in which NiO presents in the bleached state. Although bulk NiO 
may be too dense for ion intercalation, but in the porous film structure, water may be 
initially present in the film by diffusion from the electrolyte. In such a case, NiOOH can 
also be formed on the grain surfaces through a coloration process described in reaction 
(2.4.5) [96]. In addition, formation of Ni(OH)2 by the reaction between water and NiO 
without electrolysis, as shown in reaction (2.4.7), is also possible at the solid/electrolyte 
interface or within the water filled porous structure. This reaction is believed to be the 
source of nickel hydroxide for further EC reaction. 
NiO + H2O → Ni(OH)2     (2.4.7) [5] 
A good understanding of the effects of film composition and structure on the 
electrochromic performance will be important in understanding the coloration mechanism 
of the NiO thin film which is largely unknown so far. In addition, the reasons behind the 
degradation of the electrochromic NiO film and the poor endurance for certain films are 
relatively unexplored. In this work, a thorough characterization of the both bleached and 
colored NiO films after different number of potential cycling is conducted using various 
characterization techniques. The results will provide evidence for the coloration, 
activation as well as the degradation mechanism in NiO.  
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Chapter 3 Experimental Details 
3.1 Growth of Thin Films and Nanowires 
3.1.1 Sputtering for thin film growth 
Sputtered NiO film is particularly suitable for resistive switching (RS) application due to 
the conformal coverage and precise control of the film thickness obtained by sputtering. 
In this work, NiO thin film is deposited on various substrates using the Anelva L3325FH 
multi-target sputtering machine. Commercial Pt/Ti/SiO2/Si substrates and thermal 
evaporated aluminum (Al) on silicon substrates are used, with the platinum (Pt) or Al 
layer serving as the bottom electrode for the RS device. The substrate, partially covered 
by a piece of silicon, is loaded into the sputterer chamber. The covered region on the 
substrate will serve as the contact for the bottom electrode in RS characterization. Prior to 
the film deposition, the chamber is pumped down to a base pressure of 1 x 10-6 Torr. 
Subsequently, the chamber is filled with argon (Ar) gas at a flow rate of 30 sccm and a 
plasma is generated thereafter. Sputtering is carried out when the chamber pressure has 
stabilized at 0.3 kPa (~2.25 Torr). A NiO target with a purity of 99.999% is used for the 
thin film deposition. Substrate heating at 300 °C is also applied for selected samples. The 
deposition rate of the sputtered NiO is calibrated by measuring the step profile of the 
sputtered film on a Si substrate using atomic force microscopy (AFM). Round-shaped Al 
and Pt top electrodes, with various sizes, are then thermally evaporated through a shadow 
mask to form the metal-insulator-metal (MIM) structure for the RS device. In order to 
characterize the electrochromic (EC) property of the sputtered NiO film, NiO is also 
deposited on transparent ITO-on-glass substrates.  
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3.1.2 Chemical bath deposition for porous film growth 
Porous NiO thin films fabricated by chemical bath deposition (CBD) possess a larger 
surface area (because of the non-uniform surface topography) and demonstrate better 
performance than sputtered films in the electrochromic (EC) application. However, the 
non-uniform surface topography makes CBD NiO film unsuitable for the resistive 
switching (RS) application. The CBD solution contains 80 ml of 1 M nickel sulfate, 60 
ml of 0.25 M potassium persulfate and 20 ml of aqueous ammonia (25-28%) [13]. ITO-
on-glass substrates, with resistivity of 8-12 Ω/□ used in this work, are ultrasonically 
cleaned by acetone and isopropyl alcohol (IPA) followed by deionized (DI) water. 
Polyimide tape is used to completely cover the back of the substrates to avoid the 
deposition of NiO on the non-conductive side. A portion of the conductive side is also 
covered with polyimide tape so as to expose a contact area for the ITO working electrode. 
Growth by CBD is achieved by vertical dipping of the cleaned ITO-on-glass substrates 
into the freshly prepared CBD solution for 20 minutes at room temperature. As 
mentioned in Section 2.1.2, besides the duration of the deposition, the time between the 
dipping of the sample and the addition of aqueous ammonia is critical to the thickness of 
the film deposited. Therefore, this duration is carefully controlled as 3 seconds for all the 
deposition processes. The samples are then rinsed with DI water and dried at 75 °C in an 
oven. The polyimide tapes are subsequently removed and the as-deposited samples are 
annealed at different temperatures (300 °C, 400 °C and 500 °C) for 90 minutes in an inert 
argon ambience using a horizontal three-zone furnace. The deposition process is further 
improved by tilting the sample by about 10 degrees from its vertical position during the 
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sample dipping process, with the conductive side of the substrate facing downwards. A 
sonication process is also included after the DI water rinse step in order to remove 
adhered particles generated homogeneously in the deposition solution described in 
Sections 2.1.2 and 5.1. 
3.1.3 Anodization, electrodeposition and oxidation for nanowire 
growth 
Nickel (Ni) nanowires are prepared using electrodeposition of Ni into anodic aluminum 
oxide (AAO) membranes. The AAO membranes used are generally of two different pore 
diameters. The AAO membranes with an average pore diameter of 250 nm are purchased 
from Whatman International Ltd. The AAO membranes with an average pore diameter of 
80 nm are fabricated using a well-established two-step anodization process [23, 98]. High 
purity aluminum (Al) foil is cut into small pieces and ultrasonically cleaned by acetone 
followed by IPA. In the anodization process under room temperature, 0.3 M oxalic acid is 
used as the electrolyte, which gives a pore diameter of about 70 nm under an anodization 
voltage of 40 V. Lead is used as the counter electrode during the anodization. The 
anodization setup is shown in Fig. 3-1(a). The AAO membrane is then rinsed by DI water 
and the remaining Al at the back is removed by saturated copper (II) chloride solution. 
The AAO membrane is subsequently dipped into a solution of phosphoric acid (5 wt%) 
for 70 minutes at 30 °C to form a through-pore template. Following that, 200 nm of gold 
is sputtered on the back of the AAO template to serve as a working electrode for the 




Figure 3-1 Schematic diagram showing the setup for (a) the anodization of Al foil using a 
voltage source and (b) the electrodeposition of Ni into AAO membrane using a 
galvanostat. 
Ni nanowires are electrodeposited into the AAO pores at a constant current density of 3 
mA cm-2 in an electrolyte containing NiSO4·6H2O (0.5 M nickel sulfate) and H3BO3 
(0.67 M boric acid) [99]. A silver/silver chloride (Ag/AgCl) electrode, with AgCl 
saturated potassium chloride (KCl) as the filling solution, is used as the reference 
electrode and a platinum (Pt) foil with 99.99% purity is used as the counter electrode 
during the electrodeposition as shown in Fig. 3-1(b). After the electrodeposition, the 
AAO template is completely dissolved using a 10% sodium hydroxide solution. The Ni 
nanowires are then detached from the gold working electrode and dispersed into an 
ethanol solution through sonication. The solution containing the Ni nanowires is 
subsequently used to deposit the dispersed nanowires onto suitable substrates. The 
substrates used for Ni nanowire dispersion are either silicon dioxide on silicon (SiO2/Si) 
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substrates for device fabrication or silicon nitride membranes for transmission electron 
microscopy (TEM) characterization. 
The oxidation of the dispersed Ni nanowires is carried out either via rapid thermal or 
conventional furnace annealing. Rapid thermal oxidation (RTO) is performed over a 
temperature range from 350 °C to 850 °C in 1 bar oxygen ambience for 5 minutes using 
the JIPELEC Jetfirst150 system that offers a temperature ramp rate of up to ~30 °C sec-1. 
Conventional furnace annealing is performed in a standard horizontal three-zone furnace 
with an oxygen flow rate of 200 sccm for 1 to 10 hours over the same temperature range 
from 350 °C to 850 °C.  
 
3.2 Materials and Devices Characterization  
3.2.1 Physical and chemical characterization 
The X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed 
information about the chemical composition and crystallographic structure of materials. 
The mechanism of XRD is based on Ewald’s construction and Bragg’s law [100]. When 
the 2θ angle between the X-ray and the detector is changing, an increased intensity of the 
diffracted beam will be detected if the angle satisfies Bragg’s law. From the 2θ value 
corresponding to each intensity peak, coupled with the knowledge of allowed diffraction 
planes, the crystallographic structure of the sample can be identified. In this work, XRD 
was performed on various thin film and nanostructure samples using a General Area 
Detector Diffraction system equipped with a Cu X-ray source.  
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Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of 
electrons is transmitted through an ultra thin specimen, interacts with the specimen as it 
passes through it. The transmitted electrons are focused by an objective lens and appear 
on an imaging screen to form a magnified image. The resulting image contrast relies on 
the deflection of electrons from their primary transmission direction when they pass 
through the specimen and is described as mass-density contrast and/or diffraction contrast. 
In this work, TEM is mainly used to visualize the size and shape of the fabricated 
nanostructure on the scale of atomic diameters. For the sample preparation, Ni nanowires 
are dispersed into an ethanol solution through sonication before they are transferred onto 
a silicon nitride membrane for various oxidation processes. The TEM was then 
performed on the membrane using a CM300 Field Emission Gun TEM while scanning 
TEM (STEM) using a JEOL 2100 TEM with an acceleration voltage of 200 kV was also 
carried out on the selected samples. 
Fourier transform infrared (FTIR) spectroscopy is used to measure how well a sample 
absorbs light at each infrared wavelength. Infrared spectroscopy exploits the fact that 
molecules absorb specific frequencies matching the vibration of the bond and group that 
are the characteristic of their structure. The various modes of molecular vibration can be 
categorized into four types, namely stretching vibration (υ), in-planar bending vibration 
(δ), out-of-planar bending vibration (γ) and torsion vibration (τ). The last three types of 
vibration modes only occur in molecules that have at least three bonds. The vibration 
frequency varies with the vibration type and the frequency generally decreases with 
increasing number of bonds involved. FTIR is an infrared spectroscopy technique in 
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which the Fourier transform method is used to obtain an infrared spectrum over an entire 
range of wavenumbers simultaneously. It differs from the dispersive method which 
entails creating a spectrum by collecting signals at each wavenumber separately. In this 
work, the FTIR measurement is particularly useful in identifying the structure of CBD 
NiO films and the presence of intercalated water. The near grazing incidence angle 
(NGIA) FTIR measurements are performed using the Bruker FTIR v80 system, which is 
equipped with a reflection stage set at an angle of 70°.  
3.2.2 Electrical characterization 
Current-voltage (I-V) and other electrical characterization measurements for RS 
application are carried out with the Cascade Microtech probe station using a tungsten (W) 
probe and the Agilent 4156C semiconductor parameter analyzer. In the I-V measurement, 
the sweeping/stress voltage is applied through the W probes to the top and bottom 
electrodes of the RS memory devices. In some cases, the W probe tip is directly in 
contact with the surface of the sample and act as the top electrode. In order to avoid 
physical damage caused by probing, after the W probe has been lowered to a distance of 
about a few hundreds of micrometers above the sample surface, a test I-V measurement is 
carried out using the parameter analyzer to check for contact. The voltage sweep range 
used during the test measurement is restricted from 0 V to 0.01 V to avoid any electrical 
damage or inducing any changes to the sample. If the I-V curve obtained during the test 
measurement is similar to the characteristic of the background noise, the probe is further 
lowered slightly and is then followed by another I-V measurement. This process is 
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repeated until the signal obtained is no longer that of background noise which indicates a 




Electrochemical reaction and characterization can be conducted by either a potentiostat or 
a galvanostat system. In such a system, the electrochemical reaction is carried out in a 
three-electrode reaction cell consisting of a working electrode, a counter electrode and a 
reference electrode. For the EC characterization, the electrochemical reaction can be 
triggered by using either a constant voltage bias or cyclic voltammetry (CV). CV is a type 
of potentiostatic technique by which the working electrode potential is ramped linearly 
versus time, similar to the linear sweep voltammetry. The current at the working 
electrode is measured and plotted versus the applied voltage during the CV analysis. The 
reduction-oxidation (redox) current peaks can be observed in the CV measurement. The 
appearance of the redox peaks can be rationalized by considering the voltage and mass 
transport effects. As the voltage changes, the equilibrium at the sample (working 
electrode) surface begins to alter. More reactant is being converted and the current is 
increased. The current starts to drop when the diffusion layer has grown sufficiently 
above the working electrode so that the flux of reactant to the electrode is not fast enough 
to satisfy the Nernst equation. In this situation, the current peak appears. In the three-
electrode system, the sweeping voltage is not the voltage between the sample and the Pt 
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counter electrode but the potential between the sample and the reference electrode. 
Therefore, only the relative potential between the oxidation and the reduction peak, 
instead of the absolute potential of the peaks, is used in the analysis. In this work, the CV 
measurements are carried out using a Gamry series G300 potentiostat with a standard 
Ag/AgCl reference electrode and a Pt foil counter electrode in a 0.1 M KOH solution at 
room temperature.  
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3.3 Other Methodologies Involved 
The most important optical property of a smart window is the variation of transmittance 
(i.e. the optical modulation) after application of a bias. The transmission spectra are 
measured using a CRAIC micro-spectrophotometer over a visible wavelength range of 
350 to 800 nm. Cleaned ITO-on-glass substrates annealed at various temperatures are 
used as reference samples to obtain percentage transmission of the EC NiO film.  
The scanning electron microscope (SEM) is the most widely used electron microscope. It 
examines the microscopic structures by scanning the surface of the samples with much 
higher resolution and greater depth of field than an optical microscope. The SEM is used 
in this work to examine the surface topography of the thin films and the nanostructures 
fabricated. SEM images are captured using a JEOL Nova Nanosem 230.  
Atomic force microscopy (AFM) uses near-field forces between atoms of the probe tip 
and the sample surface to generate signals of surface topography. In this work, the 
thickness of the deposited film is determined using a Digital Instruments (DI) Dimension 
3000 AFM system by measuring the profile of the film over a step with a silicon probe 
tip.   
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Chapter 4 NiO for Resistive Switching Memory 
In this chapter, functional resistive switching (RS) memory devices, consisting of the 
metal-insulator-metal (MIM) structure, are fabricated and characterized in detail. 
Sputtered NiO thin film is used as a insulator layer because of its conformal coverage, 
controllable thickness as well as its low processing temperature. The memory device is 
characterized by measuring various switching parameters through repeated SET (switch 
to low-resistance/ON state) and RESET (switch to high-resistance/OFF state) voltage 
sweeps. The size of top electrode and the compliance current used in the SET process are 
varied in order to provide evidences for the proposed filamentary switching mechanism. 
In addition, a combination of Pt and Al metal electrodes is used in the device structure 
and the electrode material dependency of the switching phenomenon is investigated. The 
results provide further evidence for the chemical nature and the formation process of the 
conducting filament responsible for the resistive switching. 
 
4.1 Thin Film Growth and Characterization 
For RS application, NiO thin film can be physically deposited by either radio frequency 
(RF) sputtering or oxidation of an evaporated Ni thin film. Solution-based deposition 
methods produce films with porous structure and non-uniform thickness, which are not 
suitable for insulating purpose and the fabrication of the top electrode in the RS memory 
device. As the MIM structure is required for RS application, the growth temperature of 
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the NiO thin film has to be reduced in order to avoid any degradation of the bottom metal 
electrode using low melting point materials such as Al. However, we found that complete 
oxidation of a Ni thin film with a thickness of 30 nm cannot be achieved, even after 10 
hours anneal at 450 °C in oxygen ambience. This is evidenced by the presence of metallic 
Ni peaks in the XRD pattern of the oxidized sample (not shown). On the other hand, we 
also found that the Ni thin film can only be fully oxidized into NiO at temperatures of 
600 °C and above, which is close to the melting temperature of Al. As a result, a 
sputtered NiO film with much lower deposition temperature is preferred in this study of 
the RS phenomenon. A well-controlled film thickness can be achieved by a careful 
calibration of the sputtering rate. 
 
Figure 4-1 XRD patterns of sputtered NiO films with (300 °C) and without (room 




NiO thin films, with a thickness of 40 nm, are deposited on various substrates through RF 
sputtering from a NiO target at room temperature. However, subsequent electrical 
characterization shows that the sputtered film is highly conductive and does not show any 
resistive switching behavior. NiO is a p-type semiconductor with inherent defects 
existing mainly as metal vacancies [67, 68]. The film is even more defective if it is 
deposited at room temperature due to the insufficient diffusion and redistribution of 
adatoms during deposition. Therefore, the substrate is heated at 300 °C in order to 
improve the quality of the sputtered film. The XRD patterns of the sputtered NiO film on 
SiO2/Si substrates, with and without substrate heating during sputtering, are shown in Fig. 
4-1. Both samples have a NiO film of similar thickness, and it can be observed, from the 
much sharper and more intense XRD peaks, that the crystallinity or quality of the film is 
much improved by increasing the substrate deposition temperature. The sample deposited 
with substrate heating (300 °C) also demonstrates stable RS behavior as will be shown in 
the next section. Unless mentioned otherwise, the RS properties shown henceforth are 
from device structures with 40 nm thick NiO films sputtered at 300 °C. 
 
4.2 RS Device Characterization 
We start our investigation using Pt as both top and bottom electrodes in the MIM device 
structure, as this has been reported to be able to successfully produce a stable RS 
phenomenon [83]. The schematic diagram in Fig. 4-2 shows the RS device structure as 
well as the electrical characterization setup. In detail, part of the metal film deposited on 
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SiO2/Si substrate is covered by a piece of silicon during the sputtering of the NiO thin 
film. This will expose a portion of the metal covered substrate as the contact for the 
bottom electrode. The top electrodes with different dot sizes are deposited by sputtering 
of Pt through a shadow mask. The top and bottom electrodes are separately connected to 
a parameter analyzer through a probe station setup for various electrical measurements.  
 
Figure 4-2 Schematic diagram of the thin film RS device structure and the electrical 
characterization setup through a probe station and parameter analyzer. 
Before the memory device can be switched between the ON and OFF states, an 
electroforming/forming process is required and this is achieved by sweeping the voltage 
applied to the MIM device structure from 0 V to 10 V with a compliance current of 5 mA. 
The forming voltage varies among devices with an average value of 8 V for the smallest 
size top electrode (~0.01 mm2). After the electroforming process, the memory device is in 
its ON or low-resistance state. The following RESET process to its OFF or high-
resistance state is achieved by sweeping the applied voltage from 0 V to 1.3 V, without a 
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compliance current. For the majority of the devices, 0~1.3 V is a sufficient voltage 
window for the RESET process without triggering the SET process. Subsequently, the 
device is SET into its ON state by sweeping the voltage from 0 V to 5 V with a 
compliance current of 5 mA, which is similar to the value used in the electroforming 
process for consistency. One SET process together with the subsequent RESET process is 
considered as a single switching cycle in the endurance test. The device is cycled until it 
loses its RS behavior (i.e. cannot be RESET back from its ON state to its OFF state) and 
the total number of switching cycles is recorded to determine the endurance of the device. 
Typical SET and RESET current-voltage (I-V) curves are shown in Fig. 4-3. By using a 
logarithmic scale as shown in Fig. 4-3(b), an ON/OFF current ratio of about 103 can be 
easily observed. For each different experiment setup described in the following sections, 
at least 5 devices are tested and the switching parameters are statistically recorded. 
  
Figure 4-3 Current-voltage curves for a typical SET and RESET process with current in 
(a) linear scale and (b) logarithmic scale. 
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4.3 Factors Affecting RS Behavior and the Filamentary Mechanism 
4.3.1 Electrode size dependency 
The electrode size dependency is investigated by using top electrodes with four different 
areas, namely 0.01, 0.04, 0.24 and 0.87 mm2. The ON state resistance can be determined 
by calculating the slope of the straight I-V curve obtained by a test I-V measurement with 
a small voltage sweep range. The voltage sweep range used in this work is from 0 V to 
0.1 V to avoid any electrical damage or inducing any changes to the ON state sample. It 
can be observed from the plot of ON state resistance against the electrode area shown in 
Fig. 4-4(a) that there is no direct relationship between the ON state resistance and the 
electrode size. The above result indicates that the switchable region across the thin film, 
at least for the ON state, is in a localized area which is smaller than the electrode size. 
According to the filamentary mechanism, resistive switching is based on the formation 
and rupture of a conductive filament which is believed to be located along the grain 
boundary. The diameter of the filament is probably in nanometer range. Therefore, the 
ON state resistance should not be dependent on the electrode size once the filament is 
formed, similar to what is observed above.  
Similar to the ON state resistance, no electrode size dependency is identified for SET 
voltage. However, the RESET voltage is observed to slightly decrease with an increase in 
the electrode area as shown in Fig. 4-4(b). Although the trend is not significant by taking 
into consideration the large variation of the RESET voltage caused by the random nature 
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of the filament formation process (indicated by the error bars), the result is still be useful 
in explaining the filament rupture process and will be discussed further in Section 4.4. 
  
Figure 4-4 (a) Plot of the average ON state resistance against electrode size. (b) Plot of 
the average RESET voltage against electrode size. Results for each electrode size are 
taken from 200 switching cycles as indicated by the error bars. 
 
4.3.2 Compliance current dependency 
It is believed that the conductive filament is formed during the forming process, while the 
rupture and re-growth of the filament occurs at the thinnest and weakest portion of the 
filament. This is evidenced by a smaller SET voltage compared to the forming voltage. 
Since both the forming process and the SET process are responsible for the filament 
formation, the compliance current used in both processes has to be identical in order to 
achieve a valid comparison among devices switched with different compliance current. A 
range of compliance current is tested using separate samples with different electrode sizes. 
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It is found that a compliance current of 30 mA and above will result in a permanent 
breakdown of the NiO layer and the device cannot be properly reset back to its OFF state. 
Detailed investigation then focused on four devices (with the similar top electrode size of 
~0.01 mm2) that are individually formed and set with compliance current of 1, 5, 10 and 
20 mA. The ON state resistance is plotted against the compliance current in Fig. 4-5.  
 
Figure 4-5 Plot of average ON state resistance against compliance current. Results for 
each compliance current value are taken from numerous switching cycles (at least 100 
switching cycles) as indicated by the error bars. 
It can be observed that both the ON state resistance and the variation of the resistance 
decrease with an increase in the compliance current. According to the filamentary 
mechanism, the decrease in the ON state resistance can be attributed to the increase in the 
cross-sectional area of the conductive path by the formation of either a thicker filament or 
multiple filaments. On the other hand, the compliance current is used to prevent the 
device from breakdown by limiting the current at the instance when the MIM device is 
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switched into the ON state, that is, by further limiting the ON state transition. If the 
device is switched ON by the growth of a conductive filament, a larger compliance 
current will result in either a further growth of the filament or the formation of additional 
filaments near the initial one due to the high temperature caused by localized heating with 
high current density. Occasionally, we observed I-V curves with step-like characteristic 
as shown in Fig. 4-6 indicating the presence of two resistance states during the switching 
process, which provides evidence for the multiple filament formation. This could explain 
the decrease in the ON state resistance observed as the compliance current increases. 
 
Figure 4-6 Current-voltage curves for an occasional switching cycle with step-like 
characteristic, demonstrating the formation of multiple conductive filaments. 
The conductive filament is believed to be formed by the diffusion and accumulation of 
defects through random paths. Therefore, the formation and re-growth of the filament is 
by nature a random process. Since the quality of the filament can be improved by further 
growth of the filament, the randomness in the filament properties should be also reduced 
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as a result. Therefore, a larger compliance current can result in a more consistent filament 
formation process which is indicated by the improvement in the stability of the ON state 
resistance over numerous switching cycles shown in Fig. 4-5. However, the compliance 
current has to be smaller than the RESET current. Otherwise, the large power generated 
at the higher SET voltage (larger than RESET power) will dissolve the filament formed 
and RESET the device, or even cause hard breakdown of the dielectric layer. 
 
Figure 4-7 Plots of (a) average RESET current and (b) average RESET voltage against 
the compliance current. Results for each compliance current value are taken from 
numerous switching cycles (at least 100 switching cycles) as indicated by the error bars. 
If the property of the filament is modified by using different values of compliance current, 
the rupture condition should also be changed accordingly. Figure 4-7 shows the plots of 
the two RESET parameters (i.e. RESET voltage and RESET current) against the 
compliance current applied. In Fig. 4-7(a), an increase in the RESET current is observed 
as the compliance current increases. The rupture of the filament is believed to be caused 
by the re-oxidation or dissolution of the conductive filament through localized heating as 
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mentioned in Section 2.3.2.2. Therefore, a thicker filament formed under a large 
compliance current may require higher thermal energy, and thus larger current density, to 
break. In contrast, the independency between RESET voltage and the compliance current 
shown in Fig. 4-7(b) indicates that the rupture of the filament is indeed a current-driven 
process, instead of a voltage-driven process, and this further proves that the rupture of the 
filament is caused by localized heating due to the high current density. 
 
Figure 4-8 Plot of maximum number of switching cycles before dielectric breakdown 
occurs (i.e. endurance) against the compliance current. 
As mentioned earlier, compliance currents of 30 mA and above will result in a dielectric 
breakdown of the device at the end of the electroforming process. In fact, we found that 
the endurance of the device is improved with decreasing compliance current as shown in 
Fig. 4-8. The plot shows the maximum number of switching cycles achievable (i.e. the 
endurance) before dielectric breakdown occurs for devices switched under different 
compliance currents. We believe that a high compliance current may introduce permanent 
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structural changes in the dielectric film which gradually reduce the endurance of the 
memory device. This will be discussed further with the proposed switching mechanism in 
the next section.  
We conclude from this study that, a compliance current for optimum RS behavior exists 
and has to be found for a specific RS device. The compliance current should not be too 
large as this would result in high power consumption by increasing the RESET current. A 
large compliance current also reduces the endurance of the memory device. A low 
compliance current, however, decreases the device stability by reducing the consistency 
of the ON/OFF resistance ratio. We found that the optimum value of the compliance 
current to be 5 mA for our NiO MIM devices. 
 
4.4 Electrode Material and Bias Polarity Dependency Study 
In the previous section, the factors affecting the RS behavior are investigated and our 
results agree well with the filamentary switching mechanism. However, the chemical 
composition, as well as the shape of the conductive filament, is still unclear.  Although 
the filament has been confirmed to be formed by diffusion and accumulation of oxygen 
vacancies in n-type semiconducting metal oxides, such as TiO2 mentioned in Section 
2.3.2, it may not be the case for the p-type NiO in this work which is dominated by metal 
vacancies. In a collaborated work, we investigated on the RS behavior of another n-type 
metal oxide, yttrium oxide (Y2O3), and successfully explained its switching mechanism 
through varying the electrode materials [101]. We found that the metal electrodes with an 
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yttrium (Y) interlayer, in addition to provide an electrical contact, participate in the 
filament formation process by affecting the amount of oxygen vacancies within the metal 
oxide film. Therefore, in this work, we utilize Pt and Al as two different metal electrode 
materials for the NiO memory device in order to gain more insight into the nature of the 
conductive filament. Pt and Al are chosen because they have distinct electrochemical 
activities. Based on standard reduction potentials, Pt is much more electrochemically 
inert than Al which can be easily oxidized under bias. 
Table 4-1 Summary of the RS behavior in NiO memory devices with different 
combination of Pt and Al metal electrodes. 
                                 Anode 
     Cathode Pt Al 
Pt Switchable Formed but cannot RESET 
Al Switchable Formed but cannot RESET 
Table 4-1 summarizes the RS behavior in NiO memory devices with different 
combinations of Pt and Al as the anode and cathode in the MIM structures. We found that 
a Pt-NiO-Pt structure can be switched in both polarities while an Al-NiO-Al structure is 
not switchable. Unlike previously reported [83], in this work, the NiO MIM structure 
with a combination of Al and Pt metal electrodes can still be switchable provided that the 
Pt electrode is connected as the anode. The results indicate that the RS phenomenon is 
not only electrode material dependent but also voltage polarity dependent. In a more 
detailed investigation on the NiO MIM device with Al as the anode, we observed that 
dielectric breakdown occurs at the end of the electroforming process even by using a 
compliance current as small as 0.1 mA. The device is formed into a highly conductive 
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state which cannot be reset back to the OFF/high-resistance state. The resistance of this 
breakdown state is generally smaller than the resistance of the ON state in devices with Pt 
as the anode. According to the filamentary switching mechanism, we believe that a strong 
and highly conductive filament, which cannot be easily oxidized or “dissolved”, could be 
the reason for such a permanent breakdown.  
Together with the conclusions obtained in previous sections, we are now able to propose 
a clearer and more detailed switching mechanism for NiO RS devices as shown 
schematically in Fig. 4.9. Unlike n-type TiO2 in which oxygen is the diffusing species 
due to the presence of oxygen vacancies, nickel (Ni) should be the major diffusing 
species in NiO due to the presence of Ni vacancies. In addition, Ni ions are known to 
diffuse faster than oxygen ions inside NiO [32]. Due to the fact that Ni ions are relatively 
larger in size, they are more likely to move faster along structural defects such as grain 
boundaries. During the forming process, Ni ions are drifted to the cathode under the 
electrical field created by the voltage bias as shown in Fig. 4.9(a). In this case, the NiO 
thin film is effectively a solid electrolyte for the Ni ions. Ni ions gain electrons and are 
reduced to metallic Ni defects at the cathode. The accumulation of the metallic Ni defects, 
preferably at the grain boundaries, forms a conductive filament that grows from the 
cathode to the anode as shown in Fig. 4.9(b). The longer filament will grow faster due to 
the stronger field existing near the top of the long filament so that the filament will 
gradually shield off the electric field received by other filaments as shown in Fig. 4.9(c). 
Therefore, shorter filaments will grow at a progressively slower rate. This will eventually 
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result in a conical-shaped dendritic filament connecting between the cathode and the 
anode which switches the MIM device into its ON state as shown in Fig. 4.9(d).  
 
Figure 4-9 Schematic diagram showing the formation process of the conductive filament 
in NiO. (a) The drift of Ni ions to the cathode under the applied voltage bias. (b) Filament 
growth by the reduction and accumulation of metallic Ni defects at the cathode. (c) The 
stronger electric field at the top of the longer filament results in a faster growth rate of the 
filament. (d) ON state of the MIM device is achieved by the formation of a conical 
dendritic conductive filament between the cathode and the anode. 
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Our proposed filament shape agrees well with the random circuit breaker simulation of a 
mesh of switching elements which can be switched between two states (i.e. low-
resistance and high-resistance states) as shown in Fig. 4-10. A red color bar indicates that 
the switching element has been switched to a low-resistance state while a green color bar 
indicates that the element is still in the high-resistance state. 
 
Figure 4-10 Random circuit breaker network simulation of a mesh of switching elements 
after the electroforming process with a compliance current of 15 mA. The conductive 
filament formed is represented in red color. The yellow horizontal bars at the top and 
bottom represent the anode (+) and the cathode (-). 
Since a filament with a smaller diameter has a higher current density and generates more 
thermal energy, the rupture and re-growth of the filament during the following RESET 
and SET processes are likely to occur at the thinnest portion of the filament near the 
anode as observed in other works [69, 71]. We believed that the rupture of the filament is 
by oxidation or dissolution of the metallic filament under the localized heating. More 
oxygen can be accumulated at the anode by a larger metal electrode, which may facilitate 
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the oxidation of the filament near the anode. This could explain the decrease in RESET 
voltage as the electrode area increases as observed in Fig. 4-4(b) in Section 4.3.1. 
 
Figure 4-11 Plot of the OFF state resistance against the number of switching (endurance) 
cycles for a Pt-NiO-Pt device switched with a compliance current of 10 mA. 
During the re-growth process of the filament near the anode, the electric field cannot be 
entirely shielded off from other shorter filaments. Therefore, repeated bias cycling will 
gradually result in an irreversible growth of the filaments, which effectively manifests as 
a growth of a conductive layer from the cathode. This process gradually reduces the OFF 
state resistance of the device as the number of switching (endurance) cycles increases as 
observed in Fig. 4-11. This eventually forms a non-switchable highly conductive layer, a 
condition which is marked as the endurance of the device. We now can explain the 
decrease in the endurance of the MIM device, as observed in Fig. 4-8 in Section 4.3.2, as 
the compliance current increases. A larger ON state stopping current probably results in a 
higher electric field across the entire NiO film which causes further growth of the 
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remaining filaments. This speeds up the irreversible growth of the conductive layer, 
thereby reducing the endurance of the device. In literature, the short endurance of metal 
oxide RS device has also been attributed to the loss of oxygen which is essential for the 
filament rapture at the electrode/dielectric interface upon prolonged cycling. In order to 
reduce the oxygen loss, novel method such as shifting the rapture location away from the 
interface through the formation of hourglass-shaped filament has been proposed [102]. 
This is achieved by using a modified bias scheme and the endurance has been improved 
by one order of magnitude. 
  
Figure 4-12 Schematic diagram showing the formation of a strong metal filament with Al 
as the anode. (a) The oxidation of the Al electrode and the drift of Al ions under bias. (b) 
The formation of a metal filament from the reduction of both Ni and Al ions.  
It should be noted that the conductive filament formed along grain boundaries is not 
entirely metallic but rather defective. Metallic nickel without oxygen has been identified 
at the grain boundary of a hard breakdown sample (but not in a switchable sample) using 
electron energy loss spectroscopy study [69]. As a result, we believe that a defective 
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filament is necessary for repeatable resistive switching while the formation of an 
unbreakable metallic filament is the reason for the dielectric breakdown and the poor 
endurance of the MIM device.  
We now can use our proposed mechanism to explain the failed devices with Al as the 
anode. An Al electrode, with a much lower reduction potential than Ni and Pt, can be 
easily oxidized into Al ions at the interface with NiO under a relatively small bias. The 
Al ions, with a smaller atomic size compared to Ni ions, can diffuse easily through the 
metal vacancies and grain boundaries, and be reduced into metallic Al at the cathode to 
form a conductive filament as shown in Fig. 4-12(a). Compare to the much more inert Pt 
anode, the Al anode serves as a continuous supply of metal ions into the NiO film and 
this will likely result in the formation of strong metal filaments consisting of both Ni and 
Al as shown in Fig. 4-12(b). As mentioned earlier, a strong metal filament cannot be 
easily oxidized or “dissolved”, which causes an irreversible breakdown of the MIM 
device. As a result, MIM devices with Al as the anode lose their RS behavior after the 
electroforming process. 
In summary, through varying the compliance current and the size of the top electrode, the 
rupture and re-growth of a conductive filament formed between the two metal electrodes 
is shown to be responsible for the RS behavior in NiO thin film MIM devices. By 
changing the metal electrode material, as well as the polarity of the voltage bias, we gain 
further insight into the chemical and physical nature of the conductive filament as well as 
the filament formation process. The filament is believed to be located at the grain 
boundaries and has a dendritic conical shape. The filament is highly defective and 
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consists of mainly metallic Ni defects reduced from diffusing Ni ions within the NiO. We 
also conclude that, in order to achieve repeatable resistive switching, an 
electrochemically inert metal anode is necessary to limit the formation of a strong metal 




Chapter 5 NiO for Electrochromic Smart Window 
In this chapter, the porous NiO thin films, which are suitable for electrochromic (EC) 
application, are fabricated by solution-based chemical bath deposition (CBD). Detailed 
characterization of the thin films is carried out to provide valuable structural and 
chemical information for the understanding of the EC mechanism. An EC smart window 
device is fabricated by depositing the CBD NiO film on ITO-on-glass substrate. The 
structure is immersed in a potassium hydroxide (KOH) electrolyte for cyclic voltammetry 
(CV) characterization. The bleached and colored states of the NiO films after various 
potential cycles are characterized to investigate the coloration and degradation 
mechanisms of the EC phenomenon in NiO thin films. 
 
5.1 Porous Thin Film Growth and Characterization 
This section will present the physical and chemical characterization of the NiO thin films 
deposited by the CBD method. The experimental details have been briefly introduced in 
Section 3.1.2. The SEM image of the surface of the as-deposited CBD film without any 
post-deposition annealing is shown in Fig. 5-1. A large amount of nickel hydroxide or 
Ni(OH)2 particles is observed on the surface of the deposited Ni(OH)2 thin film. The 
particles are also present in the remaining CBD solution. It is supposed that these 
particles are produced by homogenous nucleation and precipitation of Ni(OH)2 within the 
solution as explained in Section 2.1.2. Since not all the nanoparticles are heterogeneously 
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deposited on the substrate, those particles suspended in the solution will grow further into 
micro-sized particles and adhere onto the surface of the substrate possibly by Van der 
Waal forces. The particles severely reduce the uniformity of the thin film and must be 
removed after deposition. Since the particles are not directly grown on the ITO-on-glass 
substrate, an additional ultrasonic cleaning step of the as-deposited samples, which 
follows immediately after CBD deposition, should be able to remove the majority of the 
particles.  
 
Figure 5-1 The SEM image of as-deposited CBD Ni(OH)2 film without post-deposition 
anneal. 
Fig. 5-2(a) shows the SEM image of the CBD Ni(OH)2 film surface after 1 minute 
ultrasonic clean in DI water. It can be observed that the majority of the Ni(OH)2 particles 
are successfully removed from the surface. The remaining particles are relatively small 
and are not able to be removed completely by increasing the sonication duration. We 
assume that the remaining particles are entrapped onto the substrate surface during the 
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initial stage of the heterogeneous growth of the thin film. The subsequent heterogeneous 
growth of Ni(OH)2 on both the adhered particles and the substrate increases the adhesion 
between them. Therefore, the setup is further improved by tilting the ITO-on-glass 
substrate from its vertical position so that the conducting side is facing downwards. The 
modification of the setup is to reduce the entrapment of particles falling onto the substrate 
surface by gravitational force. With the new setup, small particles, however, can still be 
found on the sample surface but these are much less in numbers as compared to the 
previous setup without substrate tilting during CBD. Fig. 5-2(b) shows a magnified SEM 
image of the surface of the as-deposited CBD film. Porous structures, similar to what was 
reported previously, are observed [13]. The film thickness is estimated to be about 250 
nm, measured using SEM at the cross section of the sample.  
 
Figure 5-2 (a) SEM image of the as-deposited CBD Ni(OH)2 film with ultrasonic clean 
for 1 minute. (b) SEM image of the same sample under higher magnification showing the 
porous structure of the CBD film. 
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The as-deposited films are subsequently annealed at temperatures of 300 °C, 400 °C and 
500 °C for 90 minutes in a tube furnace. There is no observable change in the surface 
topography of the films annealed at various temperatures as compared to the as-deposited 
films shown in Fig 5-2(b). Due to the lack of crystallinity, XRD characterization of the 
as-deposited and low temperature annealed CBD films did not reveal any peaks to help us 
in identifying the structure. Therefore, FTIR characterization, which does not depend on 
the film crystallinity, is used instead. The near-grazing incidence angle Fourier transform 
infrared (NGIA FTIR) reflectance spectra of the as-deposited and annealed CBD films 
are shown in Fig. 5-3(a). The use of near-grazing incidence angle is to enhance the 
reflectance signal from the CBD thin film and reduce that from the underneath ITO-on-
glass substrate. The inset in Fig. 5-3(a) shows the measured percentage transmittance of 
the films at a wavelength of 550 nm. In Fig. 5-3(a), the lower wavenumber region from 
350-650 cm-1 represents the Ni-related vibrational modes which are useful to identify the 
presence of different phases, or even valency. It should be noted that the FTIR peak for 
each absorption mode appears to be different for films fabricated by different methods. In 
this work, the shown peak assignments are based mainly on solution-deposited films for 
consistency [103, 104].  
The as-prepared solution-deposited film is quite hydrated, as Fig. 5-3(a) shows the 
presence of bending vibration modes of both α and β Ni(OH)2 at 400 cm-1 (γ(Ni-OH)) 
and 520 cm-1 (δ(Ni-OH)). Higher valence (3+) Ni-O stretching vibration mode υ(Ni3+-O) 
can also be observed at 600 cm-1. The presence of higher valency modes gives the as-
deposited film a brownish color appearance and this is also shown by the significantly 
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lower percentage transmittance as indicated in the inset. The above compositional 
analysis for the CBD film agrees with recent findings from the X-ray diffraction (XRD) 
investigations [13].  
  
Figure 5-3 (a) FTIR reflectance spectra of the as-deposited CBD film after post-
deposition annealing at 300 °C, 400 °C and 500 °C for 90 minutes. Inset shows the 
transmittance of the respective films at a wavelength of 550 nm. (b) XRD pattern of the 
CBD film after 500 °C post-deposition anneal. Labeled peaks showing the different 
crystal orientation are from the NiO film while the other peaks that are not labeled or 
identified are from the ITO-on-glass substrate. 
As the annealing temperature increases, the vibrational mode at 465 cm-1 appears and this 
peak gradually increases with annealing temperature. We attribute this broad peak to the 
lower valence (2+) Ni-O stretching vibration mode υ(Ni2+-O) and the presence of NiO 
grains is also affirmed by the XRD pattern of the 500 °C annealed film shown in Fig. 5-
3(b). This shows the gradual dehydration of the film and the reduction in the higher 
valency oxides with increased annealing temperature that also increases the transmittance 
of the film significantly from 25% to 97% as indicated. The effect of annealing is 
64 
 
reported elsewhere and the possible reactions involved are described by reaction (5.1.1) 
and reaction (5.1.2). 
2NiOOH + H2O → 2Ni(OH)2 + ½O2↑    (5.1.1) [105] 
Ni(OH)2 → NiO + H2O     (5.1.2) [106] 
Reaction (5.1.1) involves the reduction of NiOOH to a more stable hydroxide structure 
while reaction (5.1.2) represents a decomposition process of Ni(OH)2 to NiO under high 
temperature anneal. Our FTIR result agrees well with the proposed reactions during the 
annealing process. In summary, we have shown that the structure of annealed CBD film 
consists of crystalline NiO grains incorporated into a Ni(OH)2 phase. The quantity and 
probably the size of the NiO grains increase as the annealing temperature increases. 
 
5.2 EC Device Characterization 
The EC property of the NiO film can be characterized using a three-electrode 
electrochemical reaction cell as described in Section 3.2.3 of Chapter 3. The ITO-on-
glass substrate with CBD NiO is connected as the working electrode and a Pt foil is used 
as the counter electrode. The EC phenomenon can be then triggered by a potentiostat 
system using cyclic voltammetry (CV). For the anodic EC NiO film, a forward bias 
(positive voltage applied to the NiO film) will cause the oxidation of the NiO film to its 
colored state while a reverse bias (negative voltage applied to the NiO film) will reduce 
the NiO film to its bleached state. After a few trial runs of the CV characterization with 
different settings, a potential range from 0.0 V to 0.8 V with respect to the Ag/AgCl 
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reference electrode and a sweep rate of 0.02 V per second are selected for the endurance 
cycling test. This will ensure that the redox peaks are well covered within the selected 
potential range and the NiO film is not overstressed. 
  
Figure 5-4 Cyclic voltammetry current-voltage curves for (a) the CBD film with 300 °C 
anneal and (b) the CBD film with 500 °C anneal at the indicated potential cycle. Arrows 
show the shift of the reduction and oxidation (redox) current peaks. 
The CV current-voltage (I-V) curves for both 300 °C and 500 °C annealed samples at the 
selected potential cycles are shown in Figs. 5-4 (a) and 5-4(b) respectively. The reduction 
current peak can be observed clearly for both samples throughout the endurance cycling. 
The oxidation peak for the 300 °C annealed sample, however, moves to a higher potential 
and merges with the oxygen evolution peak after 90 potential cycles, and thus cannot be 
identified easily. By observing the shift of the oxidation and reduction peaks, two stages 
of the process can be identified. During the initial stage, the current density of the redox 
peaks increases and reaches a maximum value at around the 90th potential cycle for the 
300 °C annealed sample and at around the 400th potential cycle for the 500 °C annealed 
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sample. In addition, an increase in the redox peak separation is also observed. After the 
initial stage, the current density of the redox peaks decreases with the position of both 
peaks moving to a higher potential. The above mentioned trend is applicable to all 
samples regardless of the post-deposition annealing temperature. However, the duration 
of the two stages is longer for samples with a higher annealing temperature.  
 
Figure 5-5 (a) Photograph of the bleached and colored 300 °C annealed NiO thin film 
after 90 potential cycles demonstrating excellent optical modulation. (b) Plot of the UV-
Vis transmittance at 550 nm wavelength against the number of potential cycles for the 
colored and bleached CBD films after post-deposition anneal at 300 °C, 400 °C and 
500 °C. The optical modulation is shown as a dash line. 
Coloring and bleaching of the film at the respective oxidation and reduction peak can be 
observed for all the samples at any potential cycle but with varying optical modulations. 
Optical modulation is defined as the difference between the percentage transmission of 
the bleached and colored states. The best optical modulation (77%) is demonstrated by 
the 300 °C annealed sample shown in Fig. 5-5(a) after around 90 potential cycles which 
is consistent with previous studies on the CBD films [13]. In order to correlate the 
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endurance CV characteristics with the optical properties, the transmittance at a 
wavelength of 550 nm is plotted against the number of potential cycles for all the colored 
and bleached CBD films and is shown in Figure 5-5(b).  
All samples regardless of the difference in the annealing temperature show an increase in 
the optical modulation during the initial stage. However, unlike the film annealed at 
300 °C, the initial stage for the films with a higher annealing temperature demonstrates a 
relatively constant transmittance in the bleached state and a gradually decreasing 
transmittance in the colored state. The maximum optical modulation is worse in the films 
that have undergone a higher temperature anneal (decreases from 75% to 35% as 
annealing temperature increases from 300 °C to 500 °C). During the second stage, all the 
samples demonstrate a rapid decrease in the transmittance for the bleached state upon 
potential cycling which severely reduces the optical modulation of the film. The plot of 
the changing transmittance upon potential cycling can be used to understand the 
coloration and degradation mechanisms for EC NiO film. In order to achieve this, a 
detailed characterization of the film using the combination of CV I-V characteristics, 
FTIR spectra and optical transmittance characteristics is necessary and will be presented 




5.3 EC Mechanism Study 
5.3.1 Characterization results and discussion 
The investigation of the EC mechanism starts with the 300 °C annealed sample because it 
demonstrates the best EC optical properties as compared to samples with higher 
annealing temperatures. The NGIA FTIR reflectance spectra of the 300 °C annealed 
samples are shown in Figs. 5-6(a) and 5-6(b). The NGIA FTIR measurement shows the 
presence of both NiO and Ni(OH)2 after the 300 °C anneal. When these two materials are 
present in close proximity, coloration can reportedly proceed via the following reactions: 
 NiO + Ni(OH)2 ↔ Ni2O3 + 2H+ + 2e-   (5.3.1) [3] 
 3NiO + Ni(OH)2 ↔ NiO + Ni3O4 + 2H+ + 2e-  (5.3.2) [90] 
However, if reactions (5.3.1) and (5.3.2) are the key mechanisms where H+ is the only 
diffusing ion and the higher valence state is either the defective Ni2O3 or Ni3O4, the 
cyclic reversibility should be highly stable. This stability is not observed in the CV 
characteristic as shown in Fig. 5-4(a). The current density of the oxidation and reduction 
current peaks is observed to increase gradually with cycling. The increase in peak 
intensity and separation then reaches a pseudo-maximum at around the 90th potential 
cycle. Thereafter, the CV characteristic shows a slight decrease in current density as the 
redox peaks shift towards a more positive potential. Similar phenomena have been 




Figure 5-6 (a) FTIR reflectance spectra of Ni-related vibrational peaks for the bleached 
(B) and colored (C) states of the CBD film after 300 °C anneal at the indicated potential 
cycle. The respective transmittance of each state is shown as the accompanying inset.  (b) 
The FTIR reflectance spectra of OH-related vibration modes of 300 °C annealed films at 
the bleached state after the indicated potential cycles. 
  
The key instability observed from the CV characterization is the evolving chemical 
nature of the EC material that can be better understood from the NGA FTIR spectra 
shown in Figs. 5-6(a) and 5-6(b). An increase in β-Ni(OH)2 after repeated cycling can be 
observed from the δ(Ni-OH) bending vibration mode at 520 cm-1 in Fig. 5-6(a) and the 
O-H stretching vibration mode (υ(O-H)) at 3640 cm-1 in Fig. 5-6(b). This is seen together 
with the decrease in the amount of NiO as observed from the decrease in the Ni-O 
stretching vibrational mode at 465 cm-1 where eventually the transversal optical vibration 
mode of the Ni(OH)2 at 436 cm-1 becomes comparable. This evolution points to an 
intertwined mechanism of hydration that starts with the coloration potential cycling 
where NiO is converted to NiOOH as follows: 
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NiO + OH- ↔ NiOOH + e-     (5.3.3) [6, 95] 
If the NiO is compact, we will only expect the electrochemical reaction (5.3.3) to occur 
predominantly on the surface of the NiO due to the low diffusion coefficient of OH- ions 
in solids. The formation of NiOOH is critical, because the subsequent bleaching potential 
cycle can now proceed via the reaction: 
NiOOH + H+ + e- ↔ Ni(OH)2    (5.3.4) [89, 91, 94] 
The bleaching reaction (5.3.4) will be preferred over reaction (5.3.3) since diffusion of 
the smaller H+ ions is more favorable. When Ni(OH)2 with the interlayer structure is 
formed, it enables easier diffusion of the OH- ions to reach the inner NiO beneath the 
Ni(OH)2 and this allows for the sequential coloration of the NiO again via reaction (5.3.3). 
The coloration and bleaching cycles from the two electrochemical reactions therefore 
worked sequentially to result in the gradual conversion of NiO to Ni(OH)2 that 
increasingly hydrates the NiO films. The increasing current density supports incremental 
participation of the diffusing ions as the Ni(OH)2 content increases with the number of 
cycles. Previously, coloration of NiO can only proceed via reactions (5.3.1), (5.3.2) and 
(5.3.3) and this is restricted to surfaces or interfaces of NiO and Ni(OH)2. When more 
NiO in the thin film is now converted to Ni(OH)2, the optical modulation is expected to 
increase since the redox electrochemical reaction can now occur via reaction (5.3.4) by 
H+ ion diffusion and this is observed up to the 90th cycle. After the 90th cycle, when the 
film is highly hydrated and thus significantly less compact, the diffusion pathways of the 
OH- ions are greatly enhanced. Instead of the coloration reaction (5.3.4), the accessibility 
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of the OH- ions allows for the coloration mechanism to proceed additionally via the 
reaction: 
Ni(OH)2 + OH- ↔ NiOOH + H2O + e-   (5.3.5) [6, 89] 
The inward diffusion of OH- ions during coloration will leave increasing amounts of 
intercalated water (H2O) in the thin film. This is evidenced from the increase in the 
bending vibrational mode of H-bonded OH (δ(H-OH)) at 1640 cm-1 after a long potential 
cycling (at the 350th cycle) as shown in Fig. 5-6(b). The incorporated water molecules are 
not easily removed by diffusion and their isolation of the higher valence NiOOH leads to 
decreasing transmittance in the bleached state as indicated in Fig. 5-5(b) as well as in the 
inset of Fig. 5-6(a). This phenomenon is consistent with reports of the degradation that 
was observed with repeated cycling [107, 109]. We will propose a model in the later part 
of this section to explain how the NiOOH is isolated and suggest why it no longer 
participates in the electrochemical reactions.  
The above understanding on the evolving reactions involved in the electrochemical 
reactions can be further verified by examining the CV I-V curves of the as-deposited and 
higher temperature annealed NiO films. The NGIA FTIR reflectance spectra for the 
bleached and colored 500 °C annealed sample at the 30th and 600th potential cycle are 
shown in Fig. 5-7(a). Similar conversion of the NiO into Ni(OH)2 can be observed during 




Figure 5-7 FTIR reflectance spectra of (a) the CBD NiO film after 500 °C anneal and (b) 
the as-deposited CBD film at the indicated potential cycles. 
Even when Ni(OH)2 is initially absent, the exposed NiO grains to the electrolyte can still 
be converted to surface Ni(OH)2 via the following reaction: 
NiO + H2O → Ni(OH)2     (5.3.6) [5] 
Otherwise, the electrochemical reaction can similarly start from OH- ions diffusion to 
NiO surfaces via reaction (5.3.3), or can concurrently take place as follows: 
 NiO + H2O ↔ NiOOH + H+ + e-     (5.3.7) [96]  
Therefore, the intertwined electrochemical conversion of NiO to Ni(OH)2 during the 
redox potential cycling, as introduced, will still proceed. However, it is observed that it 
takes a larger number of potential cycles to reduce the NiO. The slower conversion 
process for the 500 °C annealed sample is expected because of the large quantity and size 
73 
 
of the NiO grains, the need for the initial surface hydration and also the lower porosity of 
the film resulting from the higher temperature anneal. 
Observations from the NGIA FTIR spectrum of the as-deposited sample also agree with 
the coloration mechanism described. The as-deposited film represents a porous and 
highly hydrated starting state as can be seen by the presence of the Ni(OH)2 vibrational 
modes in Fig. 5-7(b). We therefore observe significant intercalation of H2O molecules 
from the very onset of potential cycling as coloration proceeds easily via reaction (5.3.5). 
The NGIA FTIR spectra in Fig. 5-7(b) show the increase of bending vibrations of δ(H-
OH) from the very first coloration cycle as the majority of the film quickly enters the 
degradation stage. 
 
5.3.2 Coloration and degradation mechanism 
A complete and coherent picture of the coloration mechanism of NiO in aqueous 
electrolyte during electrochemical potential cycling can now be proposed. A summary of 
the reaction schemes during the redox cycling is shown in Fig. 5-8(a). Each redox 
reaction shown in Fig. 5-8(a) is a reversible EC behavior by itself and should each give a 
stable cyclic response. We found through FTIR measurements that our observed 
instability occurs when two or more reactions are combined in a single redox cycle to 
give increasing hydration (moving down the hydration chain). For less hydrated samples, 
evolution of NiO into Ni(OH)2 will take place with potential cycling and this is 
elaborated in Fig. 5-8(b). The first schematic I in Fig. 5-8(b) shows a NiO/Ni(OH)2 
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structure. Surface Ni(OH)2, if not already present, can form via reaction (5.3.6) with the 
water molecules presented in the electrolyte.  
 
Figure 5-8 (a) A summary of reactions during potential cycling between bleached and 
colored states of NiO. Two pairs of intertwined redox reactions gradually converts NiO 
into Ni(OH)2 (evolution) and finally hydrates it to NiOOH (hydration) where continuous 
hydration causes isolation. (b) Schematics demonstrating evolution of NiO into Ni(OH)2. 
(I) The initial NiO grains with surface Ni(OH)2. (II) Outward diffusion of H+ ions colors 
Ni(OH)2. Inward diffusion of OH- ions colors deeper NiO. (III) Subsequent bleaching 
process with H+ ions converts NiOOH to Ni(OH)2 as the NiO/Ni(OH)2 interface moves 
inwards. (IV) This evolution then repeats itself to continuously activate NiO. 
When the NiO/Ni(OH)2 film is cycled in an aqueous electrolyte, NiOOH will form during 
the oxidation cycle (schematic II) through outward diffusion of H+ ions. However, the 
less compact structure of Ni(OH)2 also allows OH- ions to react with NiO at the interface 
via reaction (5.3.3) to form additional NiOOH. During the bleaching cycle (schematic III), 
while the reverse out-diffusion of OH- ions to form NiO is possible, a more favorable 
bleaching reaction that results from inward H+ ions diffusion (i.e. reaction (5.3.4)) will 
convert the EC-active NiOOH into Ni(OH)2. This effectively moves the NiO/Ni(OH)2 
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interface into the NiO as shown by the dotted line and solid line in schematic III. Now 
when more Ni(OH)2 inter-layer structures are present, deeper NiO grains are now 
accessible for the OH- ions and this gradually increases the EC-active region of the NiO 
thin film again during the coloration cycle (schematic IV). This intertwined redox cycle 
therefore gradually converts NiO into Ni(OH)2. This is what is known as the activation 
stage as reported by other independent works [5, 108], and the increasing EC activity 
actually comes from gradual evolution of NiO to Ni(OH)2. 
 
Figure 5-9 Schematics demonstrating isolation process. Solid lines represent intercalated 
water. Coloration (I) and bleaching (II) can proceed if there is no isolation. During 
coloration, when intercalated water is introduced, regions of NiOOH can be surrounded 
by these water molecules (III). The isolated NiOOH then becomes inactive and remains 
colored even during the bleaching cycle (IV). Coloration (V) and bleaching (VI) then 
proceed with an increasing amount of NiOOH isolation.  
Unfortunately, the improved EC response will reach a maximum where, thereafter, a 
second intertwined redox cycle will start to dominate.  When the film is highly hydrated 
with Ni(OH)2 such that diffusion of OH- ions is enhanced, the oxidation cycle that 
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converts Ni(OH)2 into NiOOH can follow reaction (5.3.5), whereby OH- ions are also 
cycled into the film during coloration. This can cause isolation of the colored NiOOH by 
the formation of excess intercalated water and this process is elaborated in the schematic 
in Fig. 5-9. 
During coloration potential cycling that involves both Ni(OH)2 and OH- ions, higher 
valence NiOOH structures are formed together with intercalated water molecules as 
indicated by the bold lines in Fig. 5-9. Formation of these intercalated water are not 
detrimental in itself as coloration and bleaching can still proceed (schematics I and II). 
However, the increasing water intercalation will eventually surround and isolate regions 
of the NiOOH during the coloration process (schematic III). The isolated NiOOH can no 
longer be bleached (schematic IV). Schematic V shows the increasing extensive network 
of water intercalation during coloration that leaves more and more areas of isolated 
NiOOH that remain colored even during the bleaching cycle (schematic VI). The higher 
valence NiOOH that is isolated by the intercalated water will remain inactive in 
subsequent EC reactions. We can further discuss on the physical reason for the isolation 
to prevent further redox reactions. If the bleaching reaction in reaction (5.3.5) is valid, the 
only possible explanation is that a large increase in resistance prevented the 
electrochemical reaction of the isolated region. However, if the electrical conductivity is 
not affected by the isolation, it implies that the bleaching reaction (5.3.5) cannot easily 
proceed. In addition, it is also possible that diffusion of OH- ions is impeded by the 
isolation since the bleaching reaction requires a transport of OH- ions to the cathode. 
These are important and interesting revelations that could be further studied to better 
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understand the underlying reason for this isolation. Theoretical studies into the dynamics 
of ion transport or energetics of reaction will be beneficial to this fundamental 
understanding, but is outside the scope of this experimental work.   
 
5.3.3 Regeneration from degradation 
 
Figure 5-10 FTIR reflectance spectra of the bleached and colored 300 °C annealed CBD 
films after 350 potential cycles (isolation state, low optical modulation) and the same 
sample after a post-cycling anneal at 300 °C (regenerated, high optical modulation). 
The above description on the isolation is often observed in EC cycling of NiO and this is 
usually referred to as a degradation process. Since the inactivity of the EC material is due 
to the isolation by intercalation of water, the material itself is actually still EC active and 
it is plausible that they can be re-generated if the water can be removed. A degraded NiO 
thin film (after 350 potential cycles) was subjected to a 300 °C annealing process and the 
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resultant NGIA FTIR reflectance spectra are shown in Fig. 5-10. The inset in Fig. 5-10 
which indicates the transmittance of the bleached and colored states shows an increase in 
the optical modulation from 18% to 62% that is consistent with the reducing higher 
valence υ(Ni3+-O) stretching vibration mode after the regenerative anneal. This shows 
that the extent of the EC-active regions has increased and indicates the regeneration of 
the isolated NiOOH regions. These are encouraging signs that the EC degradation or 
inactivity with cycling can be regenerated and this revelation may be important for future 
applications of EC smart windows.  
 
5.3.4 Summary 
In conclusion, we have shown that the complex EC coloration mechanism comes from 
the evolving chemical nature of NiO in an aqueous electrolyte. A couple of intertwined 
redox reactions lead to gradual hydration of the thin film. Initially, the evolution of NiO 
to Ni(OH)2 takes place and this leads to enhancement of the optical modulation since 
more EC material can now participate in the coloration process. Subsequent cycling and 
hydration, however, lead to the isolation of NiOOH by intercalated water molecules 
which should be prevented. Although we have demonstrated that this degradation can be 
regenerated, a non-aqueous electrolyte could simplify the understanding and prevent the 
degradation process. Importantly, this study predicts that an optimally hydrated film can 
be achieved if the introduction of OH- ions can be controlled. Once suitably hydrated, the 
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Chapter 6 NiO for Nanostructured Device 
In this chapter, with the understanding and experiences obtained from the fabrication and 
characterization of the NiO thin film based device, we attempt to fabricate resistive 
switching (RS) and electrochromic (EC) devices using NiO nanostructures in the hope of 
improving the RS and EC performance with their unique structural properties.  
We intend to grow NiO nanowires through the oxidation of nickel (Ni) nanowires. Ni 
nanowires are fabricated using a template-assisted method by electrodepositing Ni into an 
anodic aluminum oxide (AAO) template. A complete oxidation of Ni can only be 
achieved with dispersed Ni nanowires which results in a formation of NiO nanotubes 
with bamboo-like structures. The mechanism is explained using the Kirkendall effect by 
considering the vacancy diffusion length and the dimensions of the nanowires. More 
efforts are put into the fabrication of NiO nanotubes with a uniform diameter and wall 
thickness which may help in improving the device performance.  
The nanostructure based RS and EC devices are subsequently fabricated using the 
dispersed NiO nanostructures with lithographically patterned electrodes and ITO-on-glass 
substrate respectively. The performance of the devices is then characterized and 
compared with the thin film based devices in order to gain further insight into the various 




6.1 Growth of NiO Nanostructures 
6.1.1 Growth and characterization of the Ni nanowires 
Nickel (Ni) nanowires were prepared by the electrodeposition of Ni into a home-made 
AAO template. The detailed methodology is described previously in Sections 2.2.1 and 
3.1.3. The SEM image in Fig. 6-1 shows the surface of a through-pore AAO template 
fabricated. The pores have a depth of 60 μm and a diameter of around 80 nm after the 
pore widening process. Regular hexagonal patterns of the pores can be observed within 
the AAO domians.  
 
Figure 6-1 SEM image of the surface of the fabricated through-pore AAO template. 
Ni was electrodeposited into the AAO template under a constant current density of 3 mA 
cm-2 during the deposition. The SEM image in Fig. 6-2(a) shows the cross section of the 
AAO template after 40 minutes electrodeposition. Ni nanowires with a uniform length 
grown inside the pores can be observed. The overflow of Ni at the top of the AAO 
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template does not occur as shown in Fig 6-2(b). This is probably due to the consistent 
growth rate of Ni within all the pores. The diameter of the pores near the top surface of 
the AAO template is increased due to prolonged exposure with the acidic electrolyte 
solution during the anodization process. The growth rate of the Ni nanowires is estimated 
to be ~6 μm per hour under a current density of 3 mA cm-2.  
  
Figure 6-2 (a) SEM image of the cross section of the AAO template after the 
electrodeposition of Ni into the AAO pores. (b) SEM image of the top surface of the 
AAO template after the electrodeposition showing no overflow of Ni. 
Further characterization of the Ni nanowires requires the removal of the AAO template 
by soaking the sample into 10 wt% NaOH solution. An example of the as-grown Ni 
nanowire clusters after the removal of the AAO template is shown in the SEM image in 
Fig. 6-3(a). The nanowires used in the following work typically have a uniform length of 
about 30 µm. The TEM image of a dispersed Ni nanowire (Fig. 6-3(b)) reveals that the 
wire has a diameter of about 80 nm, which is identical to the diameter of the pores in the 




Figure 6-3 (a) SEM image of Ni nanowires after the removal of AAO through chemical 
etching by NaOH solution. (b) TEM image of a single Ni nanowire after dispersion from 
the as-grown sample. (c) HRTEM image of a single Ni nanowire. The areas indicated by 
“A”, “B” and “C” represent three regions with different grain orientations as verified 
using fast Fourier transform analysis. (d) XRD pattern of dispersed clusters of Ni 
nanowires showing the metallic Ni (111), (220) and (200) peaks. Additional peaks are 
identified as hydroxides. 
The wires obtained are polycrystalline in nature. The high resolution TEM (HRTEM) 
micrograph of a typical Ni nanowire (Fig. 6-3(c)) shows at least three regions with 
different grains and lattice orientations as indicated by the square boxes A-C and 
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evidenced by the fast Fourier transform of the respective images (not shown). The XRD 
spectrum in Fig. 6-3(d) of dispersed Ni nanowires shows diffraction peaks of Ni (111), 
(220) and (200) demonstrating clearly the polycrystalline structure of the electrodeposited 
Ni nanowires. It should also be noted that several lower intensity peaks are also observed 
in the XRD pattern. These peaks are likely to be due to the hydroxides formed during the 
electrodeposition process or through ambient exposure. These hydroxide peaks are 
relatively insignificant as compared to those from the metallic Ni. Furthermore, the 
decomposition temperature of Ni(OH)2 is about 300 °C [110], a temperature that is below 
the requirement for the oxidation of Ni as we will show subsequently. 
6.1.2 Oxidation of the Ni nanowire within the AAO template 
In an attempt to fabricate standalone NiO nanowires as reported previously [111], the 
AAO template has to be partially removed to expose the top of the Ni nanowires before 
oxidation. An AAO template without electrodeposited Ni, used as a control sample, is 
soaked into 10 wt% phosphoric acid (H3PO4) in order to measure the etching rate of the 
AAO template. No decrease in the thickness of the AAO template is observed in the first 
10 minutes and a constant etching rate of ~1 μm per minute is observed afterwards. The 
initial delay in the etching process is due to the initial pore widening process which does 
not involve a thickness change. For the AAO template with electrodeposited Ni 
nanowires, a self-limiting etching process is observed. The etching rate reduces rapidly 
when the thickness of the membrane is approaching to the length of the Ni nanowires. 
The self-limiting phenomenon can be rationalized by the significant reduction in the 





Figure 6-4 SEM images showing (a) the exposed top of the standalone Ni nanowires after 
partial etching of the AAO template and (b) after the oxidation at 450 °C for 6 hours. 
SEM images showing oxidized Ni nanowire (c) at the edge and (d) within the crack of the 
AAO template. 
The SEM image of the protruded standalone Ni nanowires after the partial etching 
process is shown in Fig. 6-4(a). The sample was subsequently oxidized in air at 450 °C 
for 7 hours to obtain standalone NiO nanowires as shown in Fig. 6-4(b). At the edge of 
the sample (Fig. 6-4(c)), the entire Ni nanowires are believed to be oxidized since the 
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surface of the nanowires is roughened as compared to the unoxidized Ni nanowires 
shown in Fig. 6-2(a). However, after breaking the sample and observing the nanowires 
within the AAO template (Fig. 6-4(d)), the nanowires seem to be partially oxidized only 
at the top. A subsequent XRD measurement of the sample confirms the presence of 
unoxidized Ni (not shown). Similar results are obtained even after the oxidation duration 
is increased to 24 hours and the oxidation temperature is increased to 600 °C. Therefore, 
we conclude that complete oxidation of the protruded Ni nanowires within the AAO 
template is not feasible due to the fact that oxygen can hardly diffuse deep into the pores 
of AAO template to oxidize the entire nanowire.  
6.1.3 Oxidation of dispersed Ni nanowires in the low temperature 
regime 
In the previous section, the investigation on the oxidation of Ni nanowires within the 
AAO template yielded incomplete oxidation regardless of the temperature and duration. 
Therefore, in this section, the oxidation of dispersed Ni nanowires is investigated. One 
important reason for choosing dispersed nanowires is to ensure that the vapor transport of 
oxygen to the wires is not hampered either by the AAO template or neighboring wires. 
The results on the oxidation of the dispersed Ni wires can be summarized based on a high 
and low temperature regime.  
In the low temperature regime, there is a critical temperature below which no observable 
oxidation can proceed. At lower temperatures, 350 °C for example, neither oxidation nor 
any structural changes of the Ni nanowires as deduced from both TEM and XRD spectra 
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(not shown), is observed. This is so despite subjecting the nanowires to 10 hours of 
furnace annealing in oxygen ruling out any possibility of slow processes. While initial 
oxygen adsorption on Ni can be expected at such temperatures, further oxidation requires 
the diffusion of Ni cations [112]. The lack of reaction at this temperature can be an 
indication of the severely limited diffusion rate of Ni cations.  
At the critical annealing/oxidation temperature window of 400 °C to 450 °C (with both 
RTO and furnace annealing), interesting heterojunctions consisting of alternating wire 
with tube-like structures are obtained (see Fig. 6-5(a)). A careful examination of the 
structure shows that the tube has a wall thickness of 10 nm to 12 nm and that it extends 
throughout the wire-tube structure, encapsulating the solid wire portion of the 
nanostructure. A line scan of the Ni and O profiles of the heterojunction using energy 
dispersive X-ray (EDX) analysis is shown in Fig. 6-5(b). From the line scan analysis of 
the tubular section, without the influence of the solid wire, it is observed that the sheath 
consist of NiO. More importantly, the line scan also shows a uniform distribution of 
oxygen throughout the heterojunction. This is a good confirmation that the sheath extends 
uniformly throughout the nanostructure, in agreement with the electron micrographs 
obtained. The line profile also shows that the solid wire within the sheath consists largely 
of Ni metal. The presence of both metallic Ni and NiO is further affirmed by the presence 
of XRD peaks for both Ni and NiO as shown in Fig. 6-6(a) and the XRD peaks for NiO 





Figure 6-5 TEM images of Ni nanowires after 450 °C furnace annealing for 10 hours 
showing the (a) Global view of a typical wire, (c) Magnified image of a nanowire 
showing small and large void formation starting at the interface of the sheath and the 
solid Ni wire, and (d) Magnified image of a void free of any Ni metal contribution (local 
NiO tube). (b) EDX line profiles of the tube-wire heterojunction (shown in the inset) 
using STEM showing the relative counts for Ni and O. 
In addition to the tubular and solid segments, voids of different sizes can also be observed 
at the interface of the sheath as shown in Figs. 6-5(c) and 6-5(d), which demonstrates 
intermediate stages of the heterojunctions formation. This is a clear indication that the 
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void formation starts at the interface of the oxide and the metallic Ni wire. After furnace 
annealing of the Ni wires for up to 10 hours, the tube-wire structure is exclusively 
obtained. Not only does this demonstrate the stability of the nanostructure obtained, but 
the lack of further oxidation of the metallic Ni portion in the sheath shows that the initial 
oxidation in forming the NiO sheath is essentially a self-limiting process.  
 
Figure 6-6 (a) XRD spectrum of dispersed cluster of Ni nanowires after 450 °C furnace 
annealing for 10 hours. (b) Schematic showing two different cases for vacancy diffusion 
and agglomeration during metal oxidation. Path A: Higher rate of vacancy generation at 
the interface as compared to the vacancy diffusion resulting in the formation of multiple 
small voids along the interface. Path B: Rapid diffusion of vacancies resulting in the 
formation of big voids which minimize the surface free energy. 
In addition, we have annealed the Ni wires in an ultra high vacuum (UHV) environment 
at 450 °C (in fact, even up to 650°C). The chamber pressure during the annealing was 
kept below ~10-8 Torr. We obtained unoxidized Ni nanowires, which are similar to those 
we have obtained at annealing temperatures below 350 °C. Therefore, we conclude that 
while this process of heterojunction formation is partly temperature driven, oxygen also 
plays an important role.  
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It is well known that oxidation can proceed via a field driven pathway that is especially 
dominant at low temperatures [113]. In this mechanism, oxygen atoms are adsorbed on 
the oxide surface whereby electrons will attempt to establish equilibrium by tunneling 
through the oxide between the adsorbed oxygen and Ni. This will create an electric field 
in the thin NiO layer that will facilitate the transport of Ni2+ ions through the NiO layer. 
The field-assisted diffusion plays an important role in enhancing Ni diffusion that is 
limited at low temperatures. This explains the partly temperature dependent observation 
as the oxidation is inhibited at temperatures lower than 400 °C. As discussed, the 
oxidation of the Ni nanowires is also observed to be self-limiting. This agrees well with 
the field driven diffusion process as the field is greatly reduced with the increased oxide 
thickness and any further appreciable growth of the oxide will require thermally activated 
Ni2+ ion migration at an even higher temperature [114]. From the high resolution electron 
micrographs, an oxidation thickness (tube wall thickness) of approximately 10 nm to 12 
nm is observed. Similar observations for low temperature oxidation of Zn and Al have 
been reported with self-limiting thicknesses of around 20 nm for Zn and 8 nm for Al [28, 
29]. While the field-assisted oxide growth can explain the formation of the uniform oxide 
sheath at low temperatures, it does not clarify the void formation mechanism. The semi-
periodical nature of the void formations observed looks similar to the periodic structure 
of CdS-Ag2S observed by Alivisatos’ group whereby Ostwald ripening and strain are 
important contributing factors [115]. In this case, the agglomeration of the voids may not 
be kinetically limited as is the case described by Alivisatos and thus void formation 
periodicity may be less regular. We illustrate this void formation mechanism by using a 
schematic shown in Fig. 6-6(b). Ni2+ ions, similar to Zn2+ ions and Al3+ ions, are the 
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dominant diffusing species in the metal oxidation. This creates vacancies at the interface 
between the metal and metal oxide as shown in the top figure in Fig. 6-6(b). The location 
of saturation and agglomeration of these vacancies depends on the vacancy diffusion rate 
(comparable to the self-diffusion rate of Ni within the metal matrix), relative to the 
vacancy generation rate (comparable to the out-diffusion rate of Ni through the oxide 
during oxidation). This relative rate of diffusion is often an important parameter to 
consider in understanding the Kirkendall effect [116, 117]. For most metals, such as Zn 
and Al, the metal ion diffusion rate through the oxide during oxidation is much higher 
than the self-diffusion rate. This means that the generation of vacancies at the interface is 
faster than the diffusion of vacancies away from the interface. These generated vacancies 
will not have sufficient time to diffuse away from the interface, as their mobility is low, 
and vacancies are rapidly generated in its vicinity (at the interface) to increase the 
probability of agglomeration. Hence, in this case, the vacancies will tend to saturate and 
form small voids along the interface between the metal and metal oxide as shown 
schematically by path (A) in Fig. 6-6(b) [33]. However, Ni is a unique material largely 
due to its rapid vacancy diffusion. It has been shown that the self-diffusion coefficient of 
Ni is comparable to the diffusion coefficient of Ni in NiO over a wide temperature range 
[32]. The vacancies generated inside the Ni metal will thus have sufficient mobility to 
migrate over a long distance before saturating and agglomerating. This allows for the 
formation of larger voids that are thermodynamically favored due to the lower surface 
free energy per unit volume as compared to the numerous smaller voids as shown 
schematically by path (B) in Fig. 6-6(b). However for Ni nanowires, one will not expect 
the formation of just one large single void for each Ni wire despite the thermodynamical 
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driving force. This is understandably limited by the diffusion length scale of the 
vacancies. It is therefore intuitive to expect multiple large or semi-large voids to form all 
along a single Ni nanowire as is observed in Fig. 6-5(a). The void separation of about 0.6 
µm ± 0.1 µm indicates roughly a diffusion length scale of ~0.3 µm, which is relatively 
large compared to the nanowire diameter, thus demonstrating the validity of this 
argument. However, we note that this is a crude estimation since variations can be 
expected from differences in the vacancy diffusion, considering the different domain 
boundaries of the polycrystalline nanowires. 
6.1.4 Oxidation of dispersed Ni nanowire in the high temperature 
regime 
In the high temperature oxidation regime, significantly different nanostructures are 
obtained. Oxidation of Ni nanowires at a temperature of 550 °C under RTO for 5 minutes 
yields nanowires with large voids as shown in Fig. 6-7(a). At this temperature, the 
nanowire remains partially oxidized even for extended duration of furnace anneal (10 
hours) as deduced from both TEM micrographs and XRD pattern (not shown). At a 
higher temperature of 650 °C, complete oxidation is achieved as the RTO of Ni yields 
NiO tube-like structures with non-uniform wall thickness as shown in Fig. 6-7(b). XRD 
analysis in Fig. 6-7(d) of the nanostructures formed from the 650 °C RTO shows the 
absence of any Ni metal diffraction peaks, thereby demonstrating that the Ni metal is 
fully oxidized. The structures obtained appear to be similar even at higher oxidation 




Figure 6-7 (a) TEM image of Ni nanowire after 550 °C RTO for 5 minutes. (b) TEM 
image of Ni nanowire after 650 °C RTO for 5 minutes. (c) SEM image of Ni nanowire 
after 650 °C RTO for 5 minutes. The circled areas show the break points of NiO 
nanotubes revealing the hollow openings. (d) XRD spectrum of clusters of Ni nanowires 
after 650 °C RTO for 5 minutes.  
Recent work on oxidation of Ni wires suggested that the resultant structure consists of 
NiO wires with numerous separated voids [33]. We investigated in detail the structure 
shown in Fig. 6-7(b) for a Ni nanowire oxidized at 650 °C using RTO. The capsule-like 
nanostructures were broken using a nano-manipulator and viewed under SEM as shown 
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in Fig. 6-7(c). The numerous break points from the NiO nanostructures are highlighted in 
the SEM image. Hollow openings from all the break points of the wires indicate that the 
650 °C annealing results in the formation of NiO nanotubes. A summary of the different 
stages of Ni nanowire oxidation in the different temperature regimes is shown in Fig. 6-
8(a). The TEM micrographs shown are from wires that are oxidized at the corresponding 
temperature using RTO although we note that long duration furnace anneals will produce 
similar results. Therefore, what is shown in the schematic in Fig. 6-8(a) is an accurate 
thermodynamical representation of the respective oxidation temperature regimes.  
A detailed examination of the wires after the 650 °C anneal reveals a wavy or bamboo-
like structure with sections of both thick and thin tube walls. The reason for this 
roughening can be explained by an initial rapid diffusion of Ni vacancies that will 
subsequently influence the Kirkendall effect. We believe that oxidation of Ni nanowires 
follows a step-like mechanism. The rapid diffusion of Ni vacancies during initial 
oxidation in the ramp-up stage will lead to section-like heterostructures, much like those 
obtained from the 450 °C annealed samples and this is an important reason for the 
subsequent roughening observed.  To verify this hypothesis, we carried out spike anneals 
to selected temperatures of 450 °C, 550 °C and 650 °C for the Ni nanowires. The spike 
annealing in oxygen refers to the ramp up to each respective temperatures at a fast ramp-
up rate of 30 °C sec-1. There is no holding time at the selected temperature and the sample 
is allowed to cool at the same rate. We use this to effectively represent, in a time-lapsed 
manner, different stages of oxidation during the ramp up to show that the oxidation 
follows a step-like mechanism. The TEM image of the nanowire obtained after the spike 
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annealing at 650 °C is shown in Fig. 6-8(b). To better illustrate the different oxidation 
behaviors, schematics and TEM images of the nanowires obtained after the spike 
annealing at 450 °C, 550 °C and 650 °C along with a detailed temperature profile of the 
RTO and spike anneal processes are shown in Fig. 6-8(c). It may be useful to note that, 
for spike annealing, the temperature of the nanowire remains above 350 °C (below which 
no oxidation is possible) for a duration of ~6-18 seconds, depending on the temperature 
of the spike anneal as shown by the dotted line in Fig. 6-8(c).  For the 450 °C spike 
annealing (Step 1 in the schematic of Fig. 6-8(c)), no oxidation is observed. This is 
probably due to the slower oxidation rate at 450 °C since a different mechanism is 
involved as discussed. Indeed, we tested this oxidation rate and report that a holding time 
of typically 30-60 seconds is sufficient for oxidation and void formation at 450 °C. For 
the 550 °C spike annealing (Step 2) we observe wire-tube heterojunction structure with 
uniform oxide sheath much similar to the structures obtained under low temperature 
oxidation as shown in Fig. 6-5(a). This agrees well with our previous observations since 
the temperature profile of the spike anneal at 550 °C encompass predominantly lower 
annealing temperatures as can be seen by the dotted anneal profile. We however note that 
some slight roughening of the nanostructure walls can already be observed and this 
should be expected from the higher temperature process. This observation proves that the 
nanowires tend to first adopt the formation of semi-regular voids even during the ramp-
up stage and this will thus serve as a precursory template to subsequent oxidation 
processes. Following this stage, the 650 °C spike annealing (Step 3) shows enhanced 
roughening (wavy and bamboo-like structures) of the nanowire. The micrograph shown 
in Fig. 6-8(b) effectively represents the starting structure of the nanowire at the onset of 
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holding-temperature stage of the 5 minutes 650 °C anneal. At this point, it is seen clearly 
that the nanostructure has already adopted the wavy-like structure. The oxidation is 
reasonably incomplete as a result of the short oxidation duration and this can be seen by 
the presence of Ni in the nanostructure. In addition, we can also observe a trend whereby 
the widening of the tube structure occurs only around regions with the presence of the 
solid Ni.  
The above results agree very well with the hypothesis of a step-wise mechanism as 
represented schematically in Fig. 6-8(c). During the ramp-up process, oxidation of Ni via 
the Kirkendall phenomenon can initially occur with both field-assisted diffusion and 
thermally activated diffusion at lower temperatures resulting in large voids that are 
thermodynamically more stable (Step 2). This stage cannot be easily avoided even with 
rapid thermal annealing processes and is part of the important reason for the observed 
roughening. With the presence of the agglomerated voids, in the higher temperature 
regime whereby the oxidation rate of Ni is higher, the Kirkendall effect will be dominant 
and oxidation will occur at sections of the structure where Ni is available. This results in 
the wavy structure, and the micrographs in Fig. 6-8(b) and in Step 3 of the schematic in 
Fig. 6-8(c) clearly show a stage where this process is starting. During the longer holding 
time of the anneal, outward oxidation of above mentioned sections of the nanostructure 
occurs thereby forming the eventual rough morphology as shown in Step 4. The above 
thus gives a clear break down of the step-like manner in the high temperature oxidation 
of Ni nanowire for a ramp rate of up to 30 °C sec-1. 
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Figure 6-8 (a) A representation of different Ni nanowires obtained after oxidation at each 
important temperature regimes. TEM images (from top) are Ni nanowire after 5 minutes 
RTO at 650 °C, 550 °C, 450 °C and 350 °C respectively. (b) TEM image of Ni nanowire 
after 650 °C spike annealing. (c) Schematics and TEM micrographs illustrating the step-
wise manner of Ni nanowire evolution during the ramp up stage in a typical 5 minutes 
RTO process at 650 °C. The left most TEM micrograph is the initial Ni wire before 
oxidation. The TEM micrograph in step 4 is the resultant bamboo like structure after the 
5 minutes RTO process. The Ni nanowire structures during the ramp up stage are 
represented by spike anneals to a maximum temperature of 450 °C, 550 °C and 650 °C. 
The spike anneal temperature profile is indicated by the dotted line. 
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In addition to varying the temperature ramp rate (the reported 30 °C sec-1 is the highest 
we can achieve with our setup), we have also carried out experiments with different 
oxygen content (5%, 20% and 100% oxygen ratio) for the RTO and furnace oxidation of 
the Ni nanowires at 650 °C, 750 °C and 850 °C. We obtained similar wavy tube-like 
structures showing the difficulty in suppressing the initial oxidation and the Ni self-
diffusion even with an oxygen content as low as about 5%. Together with the structures 
we have observed for both the high and the low temperature annealing, we can conclude 
that it is unlikely that solid NiO nanowires can be formed from the oxidation of Ni 
nanowires through the conventional annealing processes. Furthermore, the formation of 
NiO tubes with uniform wall thickness will also be challenging due to the rapid vacancy 
diffusion in forming bamboo-like structures. Here, we note that an ultra-high vacuum 
(UHV) environment for the initial ramp up of the annealing temperature before 
subsequent oxidation might serve to bypass the low temperature oxidation regime 
whereby the void formation is rampant. The success of this method can however be 
limited due to the rapid vacancy diffusion rate that is comparable to the vacancy 
generation rate across a wide range of temperatures.  
From this study, we can highlight the interplay of three important parameters that will 
influence and govern the oxidation of a metal nanowire, namely the vacancy formation 
rate (oxidation rate), vacancy diffusion path length and the dimension of the nanowire. 
When the vacancy formation rate is slow and the diffusion path length is long, the 
generated vacancies will have a long residual time to diffuse and agglomerate forming 
large voids that are thermodynamically favorable. This usually occurs at lower 
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temperatures and in the case of Ni, is especially dominant when the oxidation is only 
achieved by the field-assisted mechanism making the vacancy generation slower. At 
higher temperatures, as the diffusion of the metal ions through the oxide is increased, the 
Kirkendall effect will dominate and outward oxidation of Ni will take place via thermally 
enhanced diffusion of Ni2+ ions. For the case of Ni, the initial rapid vacancy 
agglomeration means that the formation of bamboo-like structure will result from high 
temperature annealing. Finally, because of the involvement of the length scale of 
diffusion, the relative dimension of the nanostructure will be important. If the diameter of 
the nanowire is comparable to the diffusion length, void formation will likely be 
concentrated at the interface as is the case for nanowires of materials with short diffusion 
length. This will also have an implication on the void distribution with the added degree 
of freedom in the diffusion. This means that formation of tubes without the bamboo-like 
structure is possible as demonstrated for metals such as Al and Zn. The influence of 
dimensions will be discussed in the Section 6.1.6 using nanowires with different sizes. 
6.1.5 Fabrication of uniform NiO nanotubes by chemical wet etching 
Since a uniform tube structure is beneficial and important for applications in electronics 
and nanofluidic applications as mentioned in Section 2.2.2, we utilized the step-wise 
process of Ni oxidation to produce NiO nanotubes with relatively uniform wall thickness. 
As discussed, the low temperature oxidation process at 400 °C to 450 °C is highly stable. 
The resulting structure of a Ni nanowire sheathed by NiO is also an ideal platform for the 
formation of NiO nanotubes if the Ni metal can be removed. We therefore explored the 
use of chemical wet etching to dissolve the residual Ni metal in achieving NiO 
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nanotubes. The wet etching can be achieved by using ferric chloride (FeCl3) solution that 
can oxidize Ni into soluble NiCl2 without significant reaction with the NiO tube walls via 
the following chemical reaction: 
2FeCl3 (aq) + Ni (s) → 2FeCl2 (aq) + NiCl2 (aq)  (6-1) 
Therefore, after 450 °C thermal oxidation of the Ni nanowires, the nanostructures were 
immersed into 1 M FeCl3 solution for 12 hours for removal of the Ni residual core. The 
TEM image in Fig. 6-9(a) and its inset show that the NiO nanotubes formed have a 
relatively uniform wall thickness of ~10 nm in comparison with the high temperature 
oxidized NiO nanotubes. The XRD pattern for a cluster of nanotubes in Fig. 6-9(b) 
confirms that the nanotube only consists of NiO. 
 
Figure 6-9 (a) TEM image of a NiO nanotube achieved by removal of the Ni residual 
core from a 450 °C RTO Ni nanowire. The image shows a relatively uniform NiO 
nanotube. The inset is a high resolution TEM image of the nanotube. (b) XRD pattern of 
the annealed and etched NiO nanotubes showing the absence of metallic Ni and the 
presence of the NiO diffraction peaks. 
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In summary, a simple method has been demonstrated to obtain NiO nanotube with 
relatively uniform wall thickness through the utilization of the step-wise oxidation 
mechanism. This consists of the oxidation of the Ni nanowires in the low temperature 
regime (around 400 to 450 °C) before the subsequent wet-chemical etching to remove the 
residual Ni metal core. The thickness of the nanotube wall could be further adjusted, 
although not in a wide range, by changing the annealing duration or temperature within 
the low temperature regime. The above mentioned work has been published in Advanced 
Functional Materials [118]. 
 
6.1.6 Fabrication of uniform NiO nanotubes by varying nanowire 
diameter 
In an earlier section, we conclude that it is important to consider the diameter of the 
nanowire in relation to the vacancy diffusion length scale. In doing so, we can avoid the 
bamboo-like structure formation in a step-wise oxidation mechanism by minimizing the 
“wall-to-wall” diffusion of vacancies, which will prevent the heterojunction and the 
subsequent bamboo-like structure formation. In this section, the diameter of the Ni 
nanowire before oxidation is investigated by using nanowires with two different 
diameters (i.e. thick nanowires of 250 nm diameter versus thin nanowires of 80 nm 
diameter) in order to provide further evidence for our proposed mechanism as well as 
another way to fabricate NiO nanotubes with uniform wall thickness. 
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The dimensional effect of the nanowires comes into play because of the consideration of 
the vacancy diffusion length scale which is crucial for the heterojunction structure and 
hence bamboo-like structure formation, and should intuitively be considered only in a 
relative context. Based on our proposed mechanism for void formation, the vacancy 
diffusion length can be roughly estimated as half of the distance between the centers of 
two adjacent voids. The histogram of the estimated vacancy diffusion length is shown in 
Fig. 6-10(a). 
  
Figure 6-10 (a) Histogram of number of incidences versus the vacancy diffusion length 
for Ni nanowires during the initial ramp up stage of the oxidation process. The vacancy 
diffusion length is estimated as half of the distance between the centers of two adjacent 
voids. (b) Histogram of the number of incidences versus the diameter of thick nanowires 
before and after 650 °C RTO for 5 minutes. 
We tested the validity of the postulation by first examining the initial void formation in 
the low temperature oxidation regime introduced in an earlier section. Ni nanowires with 
both 80 nm and 250 nm diameters are dispersed on separate silicon nitride membranes 
before undergoing the same oxidation process at 450 °C using either the furnace anneal 
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or RTO system. The TEM image of the thick Ni nanowire (with a diameter of 250 nm) 
after RTO for 5 minutes is shown in Fig. 6-11(a), while the TEM image of the thinner 
nanowire (with diameter of 80 nm) after the same oxidation process is shown in the inset 
of Fig. 6-11(a). 
 
Figure 6-11 (a) TEM image of a thick Ni nanowire (250 nm diameter) after 450 °C RTO 
for 5 minutes. The inset is a TEM image of a thin Ni nanowire (80 nm diameter) after 
450 °C RTO for 5 minutes. (b) XRD spectrum of a dispersed cluster of Ni nanowires 
after 450 °C RTO for 5 minutes. 
For the thinner nanowire, the wire-tube heterojunction structure is observed, which 
consists of a segmented Ni inner core surrounded by a uniform NiO sheath, as reported 
previously. However, for the thicker nanowire, multiple small voids are observed along 
the interface between Ni and NiO. The presence of both metallic Ni and NiO is 
confirmed by the presence of XRD peaks for both Ni and NiO as shown in Fig. 6-11(b). 
Similar structures are obtained even after furnace annealing for durations as long as 10 
hours, showing that these are stable structures that are not limited by the duration of the 
anneal. It is observed that the thickness of the oxide sheath for both types of nanowires 
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remains largely at 10 to 12 nm. Naturally, there is also an accompanying increase in the 
eventual diameter of both nanostructures to about 100 nm and 270 nm. 
 
Figure 6-12 Schematic showing two different types of voids formed during oxidation of 
nanowires of the same material but with different diameters. Path A: Smaller diameter in 
comparison with the diffusion length allows for wall-to-wall diffusion. This results in the 
formation of big voids which minimize the surface free energy. The heterojunction-like 
structure serves as a precursory template for the formation of bamboo-like structures at 
high temperature, as shown in the final structure obtained. Path B: Larger nanowire 
diameter, that is at least comparable to the vacancy diffusion length, means that vacancies 
tend to diffuse and agglomerate along the interface. This results in the formation of 
multiple voids along the interface which facilitates the development of a uniform tube 
wall at high temperature as shown in the final structure obtained. 
The observed TEM micrographs are significant and provide important evidence to 
consider the diffusion length scale only from a relative context. Firstly, the self-limiting 
oxidation in the low temperature regime appears not to be affected greatly by the 
different diameters. This is because the electric field enhanced oxidation should only be 
reduced with an increase in oxide thickness and this explains the stability of the structures 
even after long annealing durations. While the effect of curvature differences can be 
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important, this does not appear to be dominating and we will neglect this effect in our 
discussion. The saturation and agglomeration location of vacancies depends on the 
vacancy diffusion rate, taken the vacancy generation rate into consideration. As 
mentioned earlier, Ni has a rapid vacancy diffusion rate as compared to other metals such 
as Cu and Fe.  This suggests that when a vacancy is generated, the rapid diffusion rate 
ensures that the created vacancy will move around to “search for” the most 
thermodynamically favorable configuration. The driving force is thus the formation of 
large voids as this minimizes surface energies. The generation rate of vacancies can affect 
this when the thermally enhanced Kirkendall effect occurs, as rapid vacancy generation 
means that the chance of forming local saturations are higher than that of forming a large 
void. At the low temperature regime, this does not happen and the vacancies can diffuse 
over significant distances to agglomerate and this is shown schematically by path (A) in 
Fig. 6-12. A rough estimation of the diffusion length of these vacancies is about 200 to 
300 nm as shown from Fig. 6-10(a). Given the large diffusion length scale, wall-to-wall 
vacancy diffusion (across the diameter of the nanowire) is possible. This means that the 
agglomeration of vacancies to form voids can proceed to dimensions that span across the 
entire diameter of the 80 nm diameter (thinner) wires, resulting in the segmented or 
heterojunction structures observed. It is important now to emphasize that because of the 
step-like oxidation mechanism, these segmented structures are the root cause of the 
bamboo-like NiO nanotube structures (shown in Fig. 6-7(b)) observed at elevated 
oxidation temperatures. The long diffusion length as reported, is however only relevant in 
comparison to the restriction imposed by the nanowire dimension. As such, since the 
radial dimension is the only confinement for nanowires, any nanowire diameter that has a 
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comparable diffusion length scale will reasonably form voids of a very different nature. 
For the identically oxidized nanowires with a 250 nm diameter as shown in Fig. 6-11(a), 
it can be seen that voids are only located near the Ni/NiO interface. In this instance, when 
the vacancies are generated near or at the Ni-NiO interface, wall-to-wall diffusion of 
vacancies is severely reduced. This is because when the diameter of the nanowire is 
larger, the most accessible pathway for supersaturation and agglomeration of vacancies 
will be with neighboring generated vacancies or voids.  This results in the formation of 
the voids only at the interface of the thick nanowires as shown schematically by path (B) 
in Fig. 6-12. This is a significant result as it shows that the diffusion length scale should 
be taken in context with the nanostructure dimension. As a result, the type of voids 
formed in the thicker Ni nanowires is similar to those formed from oxidation of metals 
like Cu and Fe in forming Cu2O and Fe3O4 nanotubes. Similarly speaking, the unique 
heterojunction-like nanostructures seen for Ni can possibly be achieved for all metal 
oxides with certain nanowire diameters. 
One important consequence of the findings discussed above for the oxidation of Ni is the 
possibility of avoiding the heterojunction-like formation in thin nanowires, which results 
in the bamboo-like structures of NiO nanotubes. Uniform NiO nanotubes can thus be 
fabricated by direct oxidation of Ni nanowires if nanowires with large diameter are used. 
We first examine a slightly higher temperature regime to follow progressively the growth 
of the NiO nanotube. Figure 6-13(a) shows the TEM image of a 250 nm diameter Ni 
nanowire after RTO at 500 °C for 5 minutes. At this temperature, we have previously 
established that metallic Ni can still be present and this is similarly the case here as can 
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be seen by the residual Ni inside the nanotubes.  The structure and composition of the 
nanostructure are also examined using EDX line profiling as shown in Fig. 6-13(b). From 
the line scan analysis, we can observe that the nanostructure consists of a NiO sheath 
with residual Ni. More importantly, the line profile shows a uniform distribution of 
oxygen throughout the inner portion of the nanostructure. This is a good confirmation 
that the sheath extends uniformly throughout the nanostructure. The slightly higher 
oxygen content at the edges of the nanostructure is contributed to higher signals at the 
sides since a large amount of the sheath can be seen. It can be observed that the thickness 
of the oxide wall has increased. This is because at this higher oxidation temperature, the 
Kirkendall effect is able to occur by thermally activated Ni2+ migration, which is unlike 
the self-limiting temperature regime.  
 
Figure 6-13 (a) TEM images of thick Ni nanowires (250 nm diameter) after 500 °C RTO 
for 5 minutes. (b) EDX line profile of a 250 nm Ni nanowire after 500 °C RTO for 
5 minutes using STEM. The profiled image is shown in the inset while the plot shows the 




Figure 6-14 TEM images of Ni nanowires with intermediate diameters of 140 nm and 
200 nm after 500 °C RTO for 5 minutes. The nanowire in the top figure is oxidized from 
a Ni nanowire with diameter of 140 nm while the nanowire in the bottom figure is 
oxidized from a Ni nanowire with diameter of 200 nm. 
Comparing the micrograph in Fig. 6-13(a) to that in Fig. 6-11(a), it is observed that the 
voids along the interface in Fig. 6-13(a) are much larger. While this can cause significant 
surface roughness due to the random distribution of interfacial voids, the bamboo-like 
structure is not observed to be present. This is the most important point as the bamboo-
like structure will not appear if the formation of the segmented heterojunctions in the 
initial low temperature regime of the oxidation is avoided. While the interplay of the 
diameter length scale with the vacancy diffusion length scale is important, many other 
factors can affect the diffusion of vacancies. For example, surface roughness of the wire, 
the extent of grain boundaries, crystallinity or even the existence of cracks. These can 
result in a large spread of the vacancy diffusion length (about 200–300 nm). Therefore in 
our study, we found that it is difficult to establish a critical diameter in the oxidation 
behavior of the Ni nanowire.  
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In Fig. 6-14, the oxidation behavior of two Ni nanowires with intermediate diameters of 
140 nm and 200 nm is shown. It can be observed that the heterojunction structure, 
affected by wall-to-wall vacancy diffusion, still dominates in the Ni nanowire with a 
diameter of 140 nm. However, both types of voids are observed in the Ni nanowire with a 
diameter of 200 nm. In fact, we believe that with these intermediate nanowire diameters, 
both types of void formation can co-exist. Therefore, we will focus on the largest 
nanowire diameter (i.e. 250 nm) to investigate the oxidation characteristics. 
 
Figure 6-15 (a) TEM image of thick Ni nanowire (250 nm diameter) after 650 °C RTO 
for 5 minutes. The inset is the XRD spectrum of the nanotubes formed under the same 
condition showing the absence of metallic Ni and the presence of the NiO diffraction 
peaks. (b) SEM image of thick Ni nanowire (250 nm diameter) after 650 °C RTO for 5 
minutes. The hollow tube openings can be seen in the SEM image. 
For complete oxidation, the thicker Ni nanowires were oxidized at 650 °C by RTO for 5 
minutes. The TEM images of the fully oxidized nanowires are shown in Fig. 6-15(a). The 
diameter of the wires is found to increase by about 1.5 times as shown in Fig. 6-10(b). 
The absence of metallic Ni is verified using XRD as shown in the inset of Fig. 6-15(a). 
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The noteworthy observation is the absence of the bamboo-like structure after such high 
temperature oxidation. As illustrated schematically by Path (A) in Fig. 6-12 and 
discussed, these bamboo-like structures are the mainstays of high temperature oxidation 
for the thinner Ni nanowires for the investigated RTO and furnace anneals, even with a 
high ramp rate of 30 °C sec-1. Therefore, a simple understanding of the diffusion length 
scale in relation to the diameter of the nanowire prevented the wall-to-wall vacancy 
diffusion and eliminated the formation of segmented nanostructures. This allows for the 
formation of relatively more uniform nanotubes as shown schematically by Path (B) in 
Fig. 6-12. However, we note that there is significant surface roughness observed in these 
thicker nanowires even though the bamboo-like structures are avoided. The TEM 
micrograph in Fig. 6-15(a) also does not clearly show the tube-like structure that we 
believe is present. One reason for this is because of the interfacial void formation. High 
surface roughening of the tube walls can result from oxidation of the nanowire and this 
resulted in the highly textured surface of the nanotubes. This can explain the higher 
density regions that appear in the TEM micrograph. We formulate this explanation by 
considering that the XRD pattern shows no signs of residual Ni metal. In achieving this, 
the Ni metal must have been fully oxidized and this is only possible with the out-
diffusion of Ni, thereby forming hollow tubes. We are also aware that possible breakage 
of the tubes during oxidation or collapse of a nanotube can be alternative explanations for 
the observed TEM micrograph. Therefore, as an alternative test, we used instead a nano-
manipulator to break the capsule-like nanostructures and view it under SEM. The SEM 
image shown in Fig. 6-15(b) clearly shows that numerous hollow openings form the 
break points of the nanostructures. This is a clear indication that nanotubes are obtained 
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after the high temperature oxidation. The above mentioned work has been published in 
Nanotechnology [119]. 
6.1.7 Summary 
In this work, we examined the oxidation behavior of Ni nanowires and concluded that 
complete oxidation of the nanowires within the AAO template is not possible. The 
oxidation of dispersed nanowires can be classified into low and high temperature 
regimes. The low temperature regime is dominated by the field-driven oxidation 
mechanism and rapid vacancy diffusion in forming NiO-Ni like heterojunctions. For high 
temperature oxidation (above 650 °C), the Kirkendall effect is dominant due to the 
thermally enhanced diffusion rate of Ni2+ ions through the oxide. However, because of 
the step-wise manner of Ni oxidation, NiO nanotubes with bamboo-like structures are 
obtained due to the fast vacancy diffusion at the initial ramp-up stage of annealing. This 
shows that formation of NiO nanowires and NiO nanotubes with uniform wall thickness 
is unlikely through the oxidation of Ni nanowires from a conventional 
annealing/oxidation process. Instead, we report on a simple method to obtain NiO 
nanotube with relatively uniform wall thickness through the utilization of the step-wise 
oxidation mechanism. This consists of the oxidation of the Ni nanowires in the low 
temperature regime (around 400 °C to 450 °C) before the subsequent wet-chemical 
etching to remove the residual Ni metal core.  
In the subsequent work, we show why the vacancy diffusion length scale and the size of 
the nanostructures involved during oxidation are important considerations when utilizing 
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the Kirkendall phenomenon for nanotube fabrication. Using Ni as an example, we show 
that, by changing the diameter of the nanowire, different types of void formation are 
observed. This is important because a segmented-type heterojunction formed during the 
intermediate stage of oxidation for smaller diameters of Ni nanowires can be prevented. 
This eliminated the bamboo-like NiO nanotube formation and yielded uniform NiO 
nanotubes through direct oxidation that has previously proven to be difficult. This work 
serves as an important example for explaining the oxidation of metal nanowires of other 
materials, as the vacancy diffusion length scale has to be considered with respect to the 
nanowire dimension. This means that the segmented void formation described in this 
work can be present in other metal nanowires with different vacancy diffusion length 
when a critical diameter is reached. 
Although we have only achieved the fabrication of NiO nanotubes instead of nanowires 
by thermal oxidation of Ni nanowires (NiO nanowires cannot be fabricated through the 
same methodology), the nanostructures obtained can still be used in various applications 
including resistive switching and electrochromism with their unique structural properties 
and this will be discussed in the following sections in detail. 
 
6.2 Characterization of Nanostructured RS Device 
Two types of MIM device structures designed for the resistive switching (RS) 
characterization of NiO nanowires have been reported [111]. One structure is based on 
standalone NiO nanowire cluster with the working electrode for electrodeposition as the 
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bottom contact and the evaporated metal pad as the top contact. The other structure is 
based on a dispersed NiO nanowire with patterned metal electrodes deposited by 
lithography and evaporation. However, in Section 6.1.2 above, it has been demonstrated 
that it is impossible to fabricate standalone NiO nanowires by the oxidation of Ni 
nanowires within the AAO template. The partial oxidation of Ni nanowire results in a 
device structure with a Ni bottom electrode and a NiO nanowire with an unknown length. 
The SEM images of the oxidized sample in Figs. 6-4(b) and 6-4(d) also show possible 
merging of NiO nanowires at the top due to the volume expansion which causes the 
device to perform as a NiO film instead of individual nanowires. For this reason, our 
investigation of the nanostructured RS device focused on the dispersed nanowires. 
 
Figure 6-16 SEM image of the patterned electrodes fabricated by photolithography for 
the RS characterization of NiO nanostructures 
The SEM image in Fig 6-16 shows the patterned metal electrodes used in this work. It is 
fabricated by photolithography and thermal evaporation of gold metal. The pattern 
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consists of ten square shaped contact pads connecting separately to ten thin metal 
electrodes which are used to form contacts with nanowires to achieve the MIM structure 
required for RS application. The minimum distance between two metal electrodes is 3 μm 
which is limited by the photolithography system used. The concentration of the Ni 
nanowires in ethanol and the revolutions per minute (RPM) of the spin coater are finely 
tuned in order to disperse Ni nanowires with the optimum density so that each electrode 
pattern has a chance to have no more than one nanowire in contact. By using an optical 
microscope, patterned electrodes with single nanowire crossing are identified as a 
successful device and are labeled for future characterization. In order to achieve better 
contact between the nanowire and the electrodes, Ni nanowires are dispersed first before 
the deposition of the patterned electrodes. Subsequently the Ni nanowires are oxidized 
into NiO nanotubes to form the final RS device structure which is shown in Fig.6-17.  
 
Figure 6-17 SEM image of a RS memory device fabricated by depositing metal 
electrodes on dispersed Ni nanowire followed by oxidation. 
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Through the use of a probe station, electrical connection between the metal electrodes of 
successfully fabricated RS devices and the semiconductor parameter analyzer can be 
established for electrical characterization. A sweeping voltage is applied between the two 
metal electrodes in order to form the RS device into its ON state. However, the resistance 
of the device is found to be extremely large and a voltage of 60 to 80 V, much higher 
than the forming voltage required in the thin film device as described in Section 4.2, is 
required to cause a current surge to reach the compliance level. A subsequent RESET 
process, however, failed to bring the nanowire MIM device back to its OFF state. We 
believe that the device is not properly formed because of the unexpected high forming 
voltage and an investigation of the failed device structure is conducted.  
  
Figure 6-18 SEM images of the degraded metal electrode due electromigration under 
high voltage stress (a) near the nanowire device and (b) near the edges of the patterned 
electrode. 
The RS device after the electroforming process is imaged using the SEM and the image is 
shown in Fig. 6-18(a). It can be observed that the rectangular shaped metal electrodes are 
116 
 
no longer present. The discontinuity of the electrode is probably brought about by the 
electromigration of metal under the extremely large current, while the large current is 
caused by the melted and connected electrode at the edges of the patterned electrodes 
under a high voltage bias during electroforming as shown in Fig. 6-18(b). It is suspected 
that, under a very high potential difference, an electric arc is triggered at the edge of the 
electrode pattern, where the electric field is strong due to the edge effect, causing the 
deformation of the electrodes. This could only happen if the NiO nanowire is not able to 
be formed under lower potential bias. Earlier investigation of the thin film device shows 
that the forming voltage increases linearly with the film thickness [120] and a 40 nm 
thick NiO thin film roughly requires 8 V to electroform into its ON state. For our 
nanowire based device, the equivalent film thickness which is the spacing between two 
adjacent metal electrodes is about 3 μm. This suggests that our nanowire based device 
theoretically requires 600 V to form which is much higher than the voltage supplied as 
well as the voltage needed to cause an electric arc. As a result, our device structure shows 
an earlier degradation before the NiO nanowire can be formed into a switchable state. 
More advanced lithography techniques such as electron beam lithography should be used 
in future to reduce the spacing between electrodes to at least 200 nm (theoretical forming 




6.3 Characterization of Nanostructured EC Device 
In order to characterize the electrochromic (EC) behavior of the NiO nanostructures, an 
EC device with dispersed NiO nanostructures on an ITO-on-glass substrate is fabricated. 
Prior to the dispersion, a thin layer of Ni with a thickness of 5 nm is deposited on the 
ITO/glass substrate by thermal evaporation. This Ni layer will be oxidized subsequently 
together with the dispersed Ni nanowires into a NiO thin film, and this is believed to 
improve the adhesion and electrical contact between the ITO and the NiO nanostructures. 
Ni nanowires are dispersed by drop-casting a drop of concentrated nanowires in ethanol 
solution onto the Ni/ITO/glass substrate using a dropper, and the ethanol solvent is 
subsequently evaporated in an oven maintained at 75 °C. This process can produce a 
thick and dense layer of nanowires but the distribution of the nanowires is not uniform 
because the nanowires tend to cluster together as the drop shrinks during ethanol 
evaporation. The SEM image of the dispersed nanowires on a Ni/ITO/glass substrate is 
shown in Fig. 6-19(a). Spin coating after the drop casting is also tested instead of the 
evaporation of ethanol. Although the distribution of the dispersed nanowires has a much 
better uniformity, the density of the nanowires is too low to form an effective EC layer. 
The sample with dispersed Ni nanowires is then oxidized in an oxygen ambience at 
600 °C for one hour to obtain the nanostructured NiO EC device. The XRD spectrum of 
the device (not shown) only shows the diffraction peaks for NiO and ITO indicating a 
complete oxidation of the Ni nanowires into the NiO nanostructures (introduced 




Figure 6-19 (a) SEM image of dispersed Ni nanowires on ITO-on-glass substrate. (b) CV 
current-voltage curves of dispersed NiO nanowire device for 25 cycles. 
The nanostructured EC device is then electrochemically activated in a 0.1 M KOH 
solution with a potentiostat system using cyclic voltammetry (CV). The voltage range for 
CV measurement is set from -0.25 V to 0.75 V in order to include both reduction and 
oxidation (redox) current peaks. The CV current-voltage (I-V) curves of the 
nanostructured EC device for up to 25 cycles are shown in Fig. 6-19(b). Similar to the 
thin film device discussed in Chapter 5, an activation process with an increasing current 
density of the redox peaks is observed. In order to eliminate the possible contribution to 
the redox current peaks by the NiO adhesion layer, a control experiment on a 
NiO/ITO/glass sample without dispersed nanowires is carried out. The CV measurement 
does not show significant redox peaks (not shown) and we conclude that the contribution 
of this NiO adhesion layer to the EC reactions is insignificant and the CV peaks come 




Figure 6-20 (a) CV current-voltage curves for dispersed NiO nanowire device and CBD 
NiO thin film device. (b) Simplified schematic diagram of dispersed nanowires on 
substrate showing the actual contact area for electrochemical reaction. 
The optical modulation of the nanostructured device is generally smaller compared to the 
thin film device (discussed in Section 5.2) but is still observable. Considering the fact that 
the dispersed nanostructure layer is much thicker than the porous CBD NiO film, the only 
reason for having lower optical modulation is the less amount of EC active NiO in the 
nanostructured device. The is further evidenced by the smaller current density of the 
redox peaks for the nanostructured device as compared to that for the CBD thin film 
device as shown in Fig. 6-20(a). The presence of large amount of EC inactive NiO 
nanostructures could be attributed to the high degree of crystallinity of the NiO 
nanostructures. This is because the EC process, especially the activation process, is 
believed to take place only at the surface of the NiO grains as discussed in Section 5.2. 
The decrease in EC performance with a high crystalline structure has been shown in the 
CBD thin film device with a higher post-deposition annealing temperature. 
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Another reason that may also account for the large amount of EC inactive NiO 
nanostructures is the extremely large effective resistance of the dispersed nanostructure 
layer. Due to the random orientation of the dispersed nanowires, the effective contact 
area between nanowires is very small as illustrated in a simplified schematic diagram of 
the dispersed nanostructure device shown in Fig. 6-20(b). This drastically increases the 
device resistance and hence reduces the potential distributed to the outer part of the 
nanostructured layer. Therefore the nanostructures far away from the ITO-on-glass 
substrate may not be able to electrochemically react with the ions in the electrolyte if the 
potential they possess is below the redox potential for the related reactions. 
In summary, EC device with randomly dispersed nanostructures are fabricated. Despite 
the large surface area possessed by the nanostructures, the EC performance is, however, 
poorer than the CBD thin film device due to the presence of large amount of EC inactive 
nanostructures. The reason is believed to be the large resistance in series caused by the 
random orientation of dispersed nanowires. The result motivates us to modify the device 
structure to have a much more ordered distribution of nanowires such as standalone 
nanowires. In this case, the effective thickness of the EC layer is the length of the 
nanowires which can be as small as the thickness of the CBD thin film. Together with the 
large and compact contact area to the ITO-on-glass substrate, it is expected that all the 
nanostructures can be EC active and the EC performance should be able to be improved 
further. The above proposed structure can be achieved if the AAO template can be 
successfully fabricated on ITO-on-glass substrates, which is currently being investigated 
by another student. 
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Chapter 7 Conclusion 
7.1 Summary of Findings and Conclusion 
This thesis focuses on the growth and characterization of NiO thin film and 
nanostructures for their potential applications in resistive switching (RS) memory and 
electrochromic (EC) smart windows. We start with the fabrication of functional thin film 
devices and build up the understanding of various mechanisms involved through device 
characterization. We subsequently shift our focus to the growth of NiO nanostructures 
with the motivation that the device performance in both applications can be improved 
with their unique structural properties. 
For the application of NiO thin film in RS memory, we successfully fabricated switchable 
Pt-NiO-Pt MIM devices with a high ON/OFF resistance ratio and cycling endurance. 
Through changing the compliance current and the size of the top electrode, the rupture 
and re-growth of a conductive filament formed between the two metal electrodes are 
shown to be responsible for the RS behavior in NiO thin film. An optimum compliance 
current is proposed to provide stable switching behavior without high energy 
consumption. By changing the metal electrode material as well as the polarity of the 
voltage bias, we gain further insights into the chemical and physical nature of the 
conductive filament formed. The filament is believed to be a conical and dendritic 
defective path consisting of mainly metallic Ni defects. We also conclude that an 
electrochemically inert metal anode is necessary to limit the formation of a strong metal 
filament in order to achieve repeatable switching.  
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For the application of NiO thin film in EC smart window, we successfully fabricated the 
porous NiO thin film through the chemical bath deposition (CBD) method. We also 
demonstrate the superior EC performance of CBD NiO film through device 
characterization. By modifying the physical and chemical structure of the CBD film 
through annealing, we have shown that the complex coloration mechanism comes from 
the evolving chemical nature of NiO in an aqueous electrolyte. A couple of intertwined 
redox reactions lead to gradual hydration of the thin film. Initially, the evolution of NiO 
to Ni(OH)2 takes place and this leads to enhancement of the optical modulation since 
more EC active material (i.e. Ni(OH)2) can now participate in the electrochromic process. 
However, prolonged cycling and hydration leads to isolation of NiOOH by intercalated 
water molecules which reduce the transmittance of the bleached state and thus the optical 
modulation. Although we have demonstrated that this degradation can be reversed by a 
regenerative anneal process, a non-aqueous electrolyte could simplify the understanding 
and prevent the degradation process. Importantly, this study predicts that an optimally 
hydrated film can be achieved if the introduction of OH- ions can be controlled. Once 
suitably hydrated, the cycling of H+ ions thereafter will ensure high optical modulation 
and long cyclic endurance. 
In an attempt to fabricate NiO nanostructures, we examined the oxidation behavior of Ni 
nanowires and concluded that the oxidation of dispersed nanowires can be classified into 
low and high temperature regimes. The low temperature regime is dominated by the 
field-driven oxidation mechanism and rapid vacancy diffusion in forming NiO-Ni like 
heterojunctions. For high temperature oxidation (above 650 °C), the Kirkendall effect is 
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dominant due to the thermally enhanced diffusion rate of Ni2+ ions through the oxide. 
However, because of the step-wise manner of Ni oxidation, NiO nanotubes with bamboo-
like structures are obtained due to the fast vacancy diffusion at the initial ramp-up stage 
of annealing. This shows that the formation of NiO nanotubes with uniform wall 
thickness is unlikely through the oxidation of Ni nanowires vua a conventional oxidation 
process. Instead, we report on a simple method to obtain NiO nanotube with relatively 
uniform wall thickness through the utilization of the step-wise oxidation mechanism. This 
involves the oxidation of the Ni nanowires in the low temperature regime (around 400 to 
450 °C) to produce a uniform oxide shell on the Ni nanowire before the subsequent wet-
chemical etching to remove the residual Ni metal core. In the subsequent work, we show 
why the vacancy diffusion length scale and the size of the nanostructures involved during 
oxidation are important considerations when utilizing the Kirkendall phenomenon for 
nanotube fabrication. By increasing the diameter of the nanowire, different types of void 
formation are observed. This is important because a segmented-type heterojunction 
formed during the intermediate stage of oxidation for smaller diameters of Ni nanowires 
is prevented. This eliminated the bamboo-like NiO nanotube formation and yielded 
uniform NiO nanotubes through direct oxidation that has previously proven to be 
difficult.   
In an effort to obtain RS and EC device structure based on the nanostructures fabricated, 
we encountered a few problems with the device structures that adversely affect the device 
functionality and performance. For the RS memory, the device function is limited by the 
extremely high forming voltage caused by the large separation between two metal 
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electrodes. For the EC smart window structure, the uneven distribution of the NiO 
nanostructures and the high in series resistance caused by small contact areas reduce the 
optical performance of the device. As further investigation is limited by the device 
structure and the available fabrication process, the potential improvement in the RS and 
EC properties by nanostructured device structures cannot be demonstrated in this work. 
However, some new device structures and their fabrication methods will be proposed in 
the next section which could make further investigation into the nanostructured device 
structures possible. 
 
7.2 Recommendations for Future Work 
For the application of NiO film in smart windows, we proposed that the involvement of 
OH- in the EC reaction is the reason for both the activation and the degradation. This 
mechanism can be further proven if a non-aqueous electrolyte such as Li+ polymer 
electrolyte or an OH- ion filter layer such as Ta2O5 is used. The new electrolyte or the 
filter layer can be introduced at the beginning of the potential cycling to prove the 
necessity of OH- ions in activating the NiO film, or it can be introduced after the film has 
been activated in an aqueous electrolyte to observe the possible increase in the endurance 
life. In addition, the ultimate objective of this investigation is to fabricate a functional 
solid-state smart window device. After choosing proper solid electrolyte and counter EC 
material, a prototype can be fabricated and the comparison of EC performance among 
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CBD NiO film, sputtered NiO film as well as smart window based on other EC material 
can be achieved. 
For smart windows based on nanostructured NiO, a device structure with more ordered 
arrangement of nanostructures is required for smaller resistance and better performance. 
This can be achieved by fabricating the AAO template, and thus the self-assembled NiO 
nanostructures, on the ITO-on-glass substrate directly. In such a case, standalone NiO 
nanostructures can be grown vertically on the substrate and the length of each 
nanostructure can be reduced to a value similar to the film thickness in thin film based 
devices. This device structure can result in efficient electronic transport to the entire EC 
material through the bottom contact of each nanostructure, reducing the in series 
resistance, while the space between each nanostructure ensures efficient ion diffusion for 
the electrochemical reaction. Electrodeposition of Ni(OH)2 can be used instead of Ni if 
the standalone Ni nanowires cannot be fully oxidized. 
For the RS memory device based on nanostructured NiO, a metal-NiO-metal 
heterojunction nanowire can be used to reduce the effective thickness between two metal 
electrodes and thus the forming voltage. By sequentially changing the electrolyte solution 
during the electrodeposition, Pt-Ni-Pt heterojunction nanowire can be fabricated and the 
length of the Ni portion can be adjusted by careful control of the deposition duration. 
Subsequent oxidation of the nanowire will only oxidize Ni and produce Pt-NiO-Pt 
nanowire. The nanowire can then be used to form a RS device with two metal electrodes 
which have a spacing not limited by lithography technique. The characterization of such a 
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structure will reveal the difference in RS performance between nanostructure devices and 
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